






/02—BIFTIETH ANNIVERSARY—1952 
Electrodeposition Issue 










GLC Anodes for the electrolytic industry are dependable — 


they stand the test of comparison. 








Air View— 
Morganton, 
N. C., Plant 





ELECTRODE DIVISION - NIAGARA FALLS, N. Y. 


PRODUCTS OF GREAT LAKES CARBON CORPORATION 


Electrode Division Carbon Division Perlite Division 


| Dicalite Division tY erlite ores 
Oil and Gas’ Division ‘ 3 ter Merchant Coke Plant 


Vv é 











Journal of the 


Electrochemical Society 














FEBRUARY, 1952 VOLUME 99¢ NUMBER 2 








ae 





CONTENTS 


Anniversary Features 


More Electrodeposition Research—tKditorial. Harold J. Read 29C 
Fifty Years of Electrodeposition. William Blum ee || i 
The Electrodeposition Division. Frederick A. Lowenheim . &C 


Technical Papers 


Stress Reduction of Electrodeposited Nickel. Vincent J. Marchese ’ 39 
Klectrodeposition of Rhenium-Cobalt and Rhenium-Iron Alloys. L. E. Netherton and 
M. L. Holt : 44 
The Electrodeposition of Cobalt-Tungsten-Molybdenum Alloys from Aqueous Citrate 
Solutions. R. Ff. McElwee and M. L. Holt 48 


Electroforming Aluminum Waveguides Using Organo-Aluminum Plating Baths. W. H. 





Safranek, W. C. Schickner, and C. L. Faust 53 
The Effect of Indium Sulfate in Chromium Plating Baths. Norman Hackerman and 

Tyleen Jensen ; ie ie 60 
Cathode Polarization Potential during Electrodeposition of Copper, IL. Variation of 

the Cathode Polarization Potentials with Current Density and Electrolyte Con- 

centration. L. L. Shreir and J. W. Smith 64 
The Effect of Chloride Ions on Copper Deposition. W. H. Gauvin and C. A. Winkler. . 71 
Concentration Polarization during Copper Deposition in a Convection-free System. 

R. C. Turner and C. A. Winkler iF 78 
The Effects of Halides on Copper Deposition in the Presence of Gelatin. L. Mandel- 

corn, W. B. McConnell, W. Gauvin, and C. A. Winkler } 84 
Current Affairs 
Golden Anniversary Meeting PER ER ra. 39C 
News Notes ; ‘ont .. 40C 
Section News wane 55 ee 
Personals .-. 48 
New Members........... Laeatare ta cle a —— 
Book Reviews... Lena 43C 
Meetings of Other Organizations 44C 
Literature from Industry 440 
Employment Situation : 44C 

EDITORIAL STAFF 
R. M. Burns, Chairman 
NorMAN HackerMAN, J'echnical Editor ELEANOR Rerp, Managing Editor F. L. LaQue Business Manager 
Cecit V. Kina, Associate Editor “Mary F. Murray, Assistant Editor U. B. Tuomas, News Editor. 


DIVISIONAL EDITORS: M. A. Srreicuer, Corrosion; ABNER BRENNER, Electrodeposition; N.C. Canoon, Battery; H, C. 
Fk RoELICH, Electronics; W. C. GArpineR, /ndustrial Electrolytic; 8. J. SINDEBAND, Electrothermic; R. R. Rauston, Electric 
Insulation; L. B. Rogers, Theoretical; Suzrtock Swann, Jr., Electro-Organic 


REGIONAL EDITORS: Joseru A. Scuu etn, Pacific Northwest; J.C. Scuumacuer, Los Angeles; O. W. Srorey, Chicago; 
G. W. Heise, Cleveland; Paut S. Brauer, Niagara Falls; OLiver OsBorn, Houston; Eant A. GULBRANSEN, Pittsburgh; 
J. W. Curupertson, Great Britain; T. L. Rama Cuar, India 


ADVERTISING: Richard Rimbach Associates—James Condon, 133 Marlborough St., Boston; Richard Rimbach, Jr., 551 
Fifth Ave., New York; William J. Gallagher. 3701 N. Broad St., Philadelphia; C. F. Goldcamp, 921 Ridge Ave., Pit's- 
burgh; Harold Haskett, 360 N. Mich. Ave., Chicago; James R. Wright, 411 N. Tenth St., St. Louis; M.D. Pugh. 2721 N. 
Marengo Ave., Altadena (Los Angeles). 


Published monthly by The Electrochemical Society, Inc., Mt. Royal and Guilford Aves., Baltimore 2, Md., combining the 
Journat and Transacrions or Tue Evecrrocnemicat Soctery. Editoria! Office: 235 W. 102nd St., New York 25, N. Y. Busi- 
ness Office: Mt. Royal and Guilford Aves., Baltimore 2, Md., or 235 W. 102nd St., New York 25, N. Y. Statements and 
opinions given ‘n articles and papers in the Journat or Tae Evecrrocuemicat Soctety are those of the contributors, and The 
Electrochemicai Society assumes no responsibility for them. Subscription: $8.50 to members, $12.00 to nonmembers. Single copies 
$1.00 to members, $1.25 to nonmembers. Copyright 1952 by The Electrochemical Society Inc. Entered as second-class matter 
November 15, 1947, at the Post Office at Baltimore, Md., under the act of August 24, 1912. 





27C 











What’s inside a 
Radio-Relay station? 


Because microwaves travel in straight 
lines and the earth is round, there are 
123 stations on the transcontinental 
television route between Boston and 
Los Angeles. This view of a typical 
unattended station shows the arrange- 
ment of the apparatus which amplifies 
the signal and sends it on. 


ON THE ROOF are the lens 
antennas, each with its horn 
tapering into a waveguide which 
leads down to equipment 


ON THE TOP FLOOR, where the ak 
signal is amplified, changed to 


a different carrier-channel and 
sent back to another antenna on 
the roof. Here are testing and 
switching facilities. Normally 
unattended, the station is visited 
periodically for maintenance. 
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ON THE THIRD FLOOR are 


the plate voltage power supplies 
for several score electron tubes. 


ON THE SECOND FLOOR are 


operate the station in an emer- 
gency for several hours, but 


ON THE GROUND FLOOR is an 
engine-driven generator which 
starts on anything more than a 
brief power failure. 


Anything that happens—even 
an opened door — is reported to 
the nearest attended station 
instantly. 


Coast -to-coast Radio Relay shows 
again how scientists at Bell Telephone 
Laboratories help your telephone 
service to grow steadily in value to you 
and to the nation. 





BELL TELEPHONE LABORATORIES 


Improving telephone service for America provides careers 


for creative men in scientific and technica: fields. 
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filament power supplies. Storage 
batteries on both floors will 
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direct current in Watts bath. 


INTRODUCTION 


The majority of electroforming operations for 
microwave plumbing involve the electrodeposition of 
copper. This metal has proved satisfactory in fabri- 
cating precision microwave tubing and various odd- 
shaped objects used in the microwave field, such as 
re-entrant cavities and rectangular and round adapt- 
ors. The electrodeposition of iron also is used prima- 
rily for use in wavemeter cavities because of its 
favorable coefficient of thermal expansion. 

Nickel deposited with low internal stress offers 
some advantages over copper and iron because of its 
superior physical and corrosion-resistant properties. 
It has greater rigidity so that electroformed nickel 
microwave equipment could be made with a thinner 
metal wall (approximately 0.020 inch) and still be 
mechanically satisfactory. Also, the resultant wave- 
guide would be almost as light in weight as one 
abricated from aluminum. Electrodeposited nickel, 
1owever, as obtained from the various baths now in 
use, e.g., a purified Watts bath, usually has an inter- 
nal tensile stress of 12,000 psi or greater. This is 
great enough to prevent removal of electroformed 
nickel from nondestructible mandrels such as steel, 
‘tainless steel, and Invar. When destructible man- 
drels, zinc, low melting alloys, or plastics are used, 
the electroformed nickel object distorts considerably 
upon removal of the mandrel. This is caused by 
internal stresses and makes it impossible to maintain 
close tolerances. This paper describes an electroplat- 
ing system, which gives nickel deposit with low 
stress for application in electroforming operations. 









STRESS MEASUREMENTS 


Mills (1) first observed stress on plating the end of 
« thermometer when the mercury rose in the tube 
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Stress Reduction of Electrodeposited Nickel 


VINCENT J. MARCHESE 


Sperry Gyroscope Company, Division of the Sperry Corporation, Great Neck, New York 


ABSTRACT 


Tests were conducted to investigate possibilities of electroforming low-stress nickel 
microwave plumbing. Two methods were studied: use of saccharin as an addition agent 
in a standard Watts bath, and superimposition of alternating current on direct current. 
Saccharin reduces stress in nickel deposited from the Watts bath; however, it is un- 
stable, provides erratic results, and is difficult to control. Superimposing alternating 
current on direct vurrent reduces stress considerably in nickel deposited from the Watts 
bath. Results verify and extend findings of previous investigations showing that stresses 
as low as 2,000 psi can be obtained by superimposing 60-cycle alternating current on 


due to shrinkage of the deposit. Stoney (2) nickel- 
plated one side of a steel rule and noted that curva- 
ture resulted with plating on the concave side. This 
demonstrated the contractive stress in electrode- 
posited nickel and is the basis of the method which 
has been generally used for stress measurement. 

{quipment used for the present study was a modi- 
fication of that described by Phillips and Clifton (3), 
and Soderberg and Graham (4). It consisted essen- 
tially of a Bakelite fixture to accommodate a strip of 
spring steel 1.6 by 15 ty 0.038 em (0 625 by 0.015 
inches) (see Fig. 1). Pakelite strips supported the 
steel sample rigidly on the fixture and provided 
shielding to give uniform current distribution. Con- 
tact to the work was made by means of a stainless 
steel screw extending through the metal backing 
plate and just touching the steel strip. Stop-off 
lacquer was utilized to insulate the backing plate 
during plating, and electroplating tape was used to 
cover the stainless steel screws. 

In order to measure deflection of the strip after 
plating, the fixture shown in Fig. 1 was used. This is 
a modification of the holder used by Phillips and 
Clifton (3). In place of an indicator dial to measure 
curvature, a micrometer screw was used in con- 
junction with a one-volt lamp and battery to show 
when contact was made. Readings were found to be 
reproducible within 10 per cent. This procedure falls 
under Method II as classified by Brenner and 
Senderoff (5), hence their equation was used in calcu- 
lating stress values: 

g . E+ a)’ _ Et +d) 82 

3rd(2t + d) 3d(2t + d) LV’ 
where S is stress in the plated layer, E is the modulus 
of elasticity of the basic metal and nickel deposit, ¢ 
is the thickness of the basic metal, d is the thickness 
of the coating, Z is the deflection of the strip after 
release, and L is the length of the test section between 
knife edges of the stress gage. 
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Substituting the actual values used, there is ob- 
tained for each 0.001-inch deflection: 


_  80-10° (0.0153 + 0.0010)* 8-10°° ; 
S = : ; . = 1220 psi. 
3-10-* (0.0306 + 0.001)3? 


Srress RepuctTion BY MEANS OF ORGANIC 
ADDITION AGENTS 


Organic addition agents have been used in nickel 
plating solution to reduce stress. Martin (6) re- 
ported that nickel formate, nickel acetate, and nickel 
citrate reduced stress somewhat, but not to a great 
extent. Hothersall (7, 8) added 5 g/l of sodium 
naphthalene trisulfonate to the Watts nickel bath 
and found the stress to be approximately zero. Sac- 
charin (4, 9) also has been used for the same purpose. 
No data, however, on the stability of either sac- 
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tee 
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Fic. 1. The apparatus on the left is used to measure the 





deflection of the strip after plating. The elements on the 
right are the fixture in which the steel strip is supported 
during plating, the steel strip, and two Bakelite strips to 
clamp the steel to the fixture 


charin or sodium naphthalene trisulfonate during 
piating were reported. Since past experience with 
sodium naphthalene trisulfonate had shown this ad- 
dition agent to Le uncontrollable, the first tests here 
were made with saccharin additions to determine 
their effect on stress and the extent to which the 
process could be controlled. 

The standard Watts nickel bath used for all tests 
had the following composition: 


NiSO,—330 g/l (44.0 oz/gal) 
NiClL,—45 g/l (6.0 0z/gal) 
H,BO;—30 g/1 (4.0 oz/gal) 


Purification of the bath followed the standard pro- 
cedure with the bath maintained at 63° + 0.5°C 
(145° + 0.5°F) for all tests. Continuous filtration 
was provided by means of a specially designed all- 
glass reciprocating pumpand all-glass filter. Soxhlet 
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extraction thimbles 


medium. 


were used as the filtering 

An extensive number of tests were made using sac. 
charin as the addition agent in the Watts bath. A 
test consisted of adding 0.1 g/l of saccharin to the 
bath and measuring stress after definite intervals of 
plating time. It was considered complete when stress 
had risen to a value that was considered too high to 
be useful for electroforming. At the end of that test 
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WATTS BATH 


pH-4.5 
0 | CURRENT DENSITY -50 AMP/FT® . 
TEMPERATURE 63°C 
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- 4060 -2000 0 2000 4000 6000 6000 10.00 
DEPOSIT STRESS -LBS/IN* 
Fic. 2. The effect of saccharin on stress. After each addi 
tion of saccharin, the rate of increase of stress becomes 
smaller. 
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Fig. 3. Erratie results obtained when the use of hydro 
gen peroxide in the Watts bath was discontinued. 


an additional 0.1 g/l of saccharin was added and 
stress measurements were again taken after intervals 
of plating time in amp-hr/1. Fig. 2 presents in graphi- 
cal form the data obtained during these test runs. 
The data show that the effects of saccharin on stress 
are short lived. In order to determine whether daily 
additions of hydrogen peroxide were causing the sac- 
charin to decompose, a test was run without peroxide 
(see Fig. 3). Although the saccharin still broke dow, 
decomposition was considerably slower; but results 
were so erratic that control of a plating solution to 
give a low stress would not bepractical Note thal 





comp 
nicke 
inter 
in ch 

Ay 
Watt 
saccl 
zero. 
errat 
press 
agail 
resul 


disco 


STRE 


A 
he 


pt SII 
the | 
and 

curre 
depo 
disso 
perid 
stroy 
cath 
incre 
in st 
valu 
taine 
curre 
liters 


Ar 
rent 
d-c \ 
age ( 
exces 
cireu 

A 
carb 
d-e \ 
cirer 
does 
ever 
mete 
appr 
ings 
mat 
rate 


Col 
the 
tul 
po 


me 











V/. 99, No. 2 


after each 0.1 g/l saccharin addition the stress was 
compressive, i.e., the test strip curved away from the 
nickel plate. In each case, however, after a short 
interval of plating time the stress soon became tensile 
in character. 

A similar run was made except that the pH of the 
Watts bath was reduced to 2.0. In this case 0.5 g/1 of 
saccharin was required to reduce the stress below 
zero. However, the stress measurements became very 
erratic, in fact, so much so that stress was first com- 
pressive, then went tensive, and back to compressive 
again for no apparent reason. On the basis of these 
results, further tests on organic addition agents were 
discontinued. 


Srress RepucTion By MEANS OF SUPERIMPOSING 
ALTERNATING CURRENT ON DirEcT CURRENT 


Reduction of stress in nickel deposits by superim- 
posing alternating current on direct current during 
the plating cycle has been reported (10, 11). Barklie 
and Davies (12) superimposed 50-cycle alternating 
current on direct current in such a way that nickel 
deposited during the cathodic pulse was partially re- 
dissolved during the anodic pulse. It was found that 
periodically the deposition potential was almost de- 
stroyed by the anodic pulse and that during the 
cathodic pulse the time was not sufficient for it to 
increase to any large value. At this point, a reduction 
in stress of approximately one third of the original 
value was observed. Since actual stress values ob- 
tained by superimposing alternating current on direct 
current are reported only to a limited extent in the 
literature, this method was studied further. 


APPARATUS 


An apparatus was built in which alternating cur- 
rent Was superimposed on direct current so that the 
d-e voltage and current and the negative peak volt- 
age could be read directly when the a-c peak voltage 
exceeded the d-c voltage. A schematic diagram of the 
cireuit is shown in Fig. 4. 

A storage battery supplied direct current and a 
carbon-pile rheostat controlled the current. Both the 
d-c voltage and current were read as indicated in the 
circuit diagram. Alternating current in the circuit 
(oes not affect the indications of these meters; how- 
ever, to prevent alternating current from injuring the 
meter movement, meters were selected having ranges 
approximately four or five times the actual d-c read- 
ings. The alternating current was supplied through a 
matching transformer having a secondary winding 
rated at 25 amperes. A Variac across the a-c supply 
controlled the a-c voltage adequately. By means of 


the »-ctifier cireuit in conjunction with a d-c vacuum 
tub voltmeter, the negative peak of the superim- 
Pos a-e voltage across the nickel bath was readily 
m e 1. 
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RESULTS 


All stress tests involving the superimposition of 
alternating current on direct current were made on 
the Watts nickel bath described above. The bath was 
completely purified of organic and inorganic im- 
purities at the start of the tests. Continuous filtration 
maintained a high state of purity within the bath. 

Table I records the data obtained during the first 
set of results which indicate the effect of superimpos- 
ing 60-cycle alternating current on direct current. For 
these tests additions of hydrogen peroxide of 1.0 
ml/gal/day were made. It is interesting to note that 
the stress in the deposit is reduced to about one half 
when alternating current is superimposed on direct 
current. Only when the a-c peak voltage is equal to or 
greater than the applied d-c voltage, is stress reduced 
appreciably. A pH of 4.5 gave somewhat lower stress 
values than one of 2.0; at a pH 5.0 or above stress 
values increased sharply. This is in agreement with 
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Fic. 4. Schematic diagram of circuit used to superimpose 
alternating current on direct current. 


figures reported by Martin (6). Current density has 
little or no effect on internal stress of the deposit. 

It became apparent early in the testing that the 
daily addition of hydrogen peroxide caused an in- 
crease in stress of the nickel deposit of approximately 
2,500 psi. Stress did not increase immediately upon 
addition of the peroxide but increased gradually over 
a period of one hour. In the light of this phenomenon 
all further tests were conducted without hydrogen 
peroxide even though pitting of the deposit occurred. 
Actually, the superimposition of alternating current 
on direct current reduced pitting, but failed to elimi- 
nate it completely. Data showing the effect on stress 
of 60-cycle and 400-cycle alternating current on 
direct current without the addition of hydrogen 
peroxide are plotted in Fig. 5 and 6. In these figures 
deposit stress is plotted against the ratio of the peak 
voltage of the superimposed a-c to d-c voltage. The 
figures show a lower stress reduction of 60-cycle 
alternating current at both pH 2.0 and 4.5 than does 
400-cycle alternating current. The curves indicate a 
minimum value of stress at both pH values. At a pH 
of 2.0, minimum stress is obtained at a ratio of 6.0 
of a-c peak voltage to d-c voltage; at pH 4.5 the ratio 
is approximately 3.0. 
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TABLE I. Stress data—superimposing alternating current on direct current—Waits bath 
60-cycle alternating current 


—s Current Thickness Amperes Volts Negative | Voltage Deflection 
— density of plate ; 
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Fic. 5. Results of superimposing 60-cycle and 400-cycle 
alternating current on direct current with a bath pH of 4.5. 


Electroforming Tess 
For electroforming purposes, the plating condi- 
tions which produced minimum stress were used, 
i.e., a PH of 4.5 and 60-cycle alternating current 
superimposed on direct current in a peak voltage 
ratio of three to one. To eliminate pitting, 0.1 g/1 of 


a volts ratio 


0.0 


owe Se S 


of panel 


Remarks 
ac/dc inches 


psi 


0.0 0.0107 13,700 PH 2.0, 145°F, addition of 
H.O, | em*/gal/day 

.0100 

.0073 

.0070 

.0060 

.0038 

.0059 

.0058 

.0055 

.0058 

.0050 

.0223 27,7 pH 5.0, 145°F, addition of 
HO» 1 em*/gal/day 

.0196 24,5 = 

.O108 13 , 200 pH 4.5, 145°F, addition of 
H.O, 1 em*/gal/day 

.0123 ~ 

.0073 

0051 

.0050 

.0059 

.0050 >, LOO 

.0040 4,900 

0046 5,600 “ 

0088 10,400 2.5, no H.O, 

0043 5,200 “ 

.0054 6,600 

0034 4,200 

0029 3,500 

.0039 4,800 

.0033 4,090 

0037 4,500 


woe 


w 


ot, WW — tw te te 


ons 





e-60VAC 
°o-400VAC 


WATTS BATH 

pH-45 

CURRENT DENSITY-5OAMP/FT® 
TEMPERATURE- 63°C 

H,0, NONE 


VOLTAGE RATIO- PEAK AC/DC 








2000 4000 6000 8000 = 10,000 = 12,000» 14000 
DEPOSIT STRESS-LBS /IN* 


Fig. 6. Results of superimposing 60-cycle and 400-cyc! 
alternating current on direct current with a bath pH of 2. 


Duponol M.E. Dry wetting agent was added. Addi- 
tion of this wetting agent not only eliminated pitting 
but also appeared to eliminate striations within thi 
deposit. The effect of Duponol M.E. Dry on the 
stress within the deposit was checked and it wi 
found that no apparent change could be measured 
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at a bath pH of 4.5, the same curve as shown in Fig. 6 
was obtained. 

Actual electroforming on Invar mandrels was con- 
ducted as follows. A nonadherent silver layer ap- 
proximately 0.0001 inch thick was, plated on the 
Invar mandrel followed by approximately 0.0002 
inch of nickel from a cold Watts bath to avoid any 
lifting of the nonadherent silver layer. Electroform- 
ing was then continued in the heated Watts bath 
using the plating conditions described above. This 
produced an electroformed waveguide containing a 
silver layer on the internal surface for conduction 
purposes. To date, a number of waveguides approxi- 
mately }-inch long, and some wavemeter cavities 
approximately ~ inch in diameter, have been made. 
In all eases, no difficulty has been experienced in re- 
moving the electroformed nickel from the Invar 
mandrel, indicating that the internal stress within the 
deposit is apparently low even in heavy sections. 

It was noticed that wherever heavy deposits of 
nickel were plated under the condition of minimum 
stress as defined above, the buildup at edges and 
sharp corners was not similar to the nodular deposit 
usually obtained with the conventional Watts bath. 
Some treeing of the deposit was noticed that re- 


Ssembled the type of structure obtained with the iron 


bath. This could be eliminated by the use of thieves 
at the high current density edges or by the use of 
shields. For this work, thieves were used satis- 
factorily. 

Acutal experience with nickel electroforming by 
means of superimposing alternating current on direct 
current has been very limited. Indications are that 
the process is a feasible one, however, and parts can 
be electroformed with a low internal stress so that 
distortion can be held to a minimum. 


CONCLUSIONS 
1. Stress within the nickel deposit could be made 
ompressive by adding saccharin in excess of the 
amount required to reduce the stress to zero. 
The use of saccharin as an addition agent to re- 
luce internal stress in nickel deposited from a Watts 


bath gave erratic results, and control of such a solu- 
tion would not be practical. 

3. Superimposing alternating current on direct 
current reduced stress in nickel deposited from the 
Watts bath. 


4. Minimum stress of approximately 2,500 psi was 
obtained when 60-cycle alternating current was 
superimposed on direct current at a ratio of a-c peak 


voltage to d-c voltage of three to one and at a bath 
pH of 4.5. 


Hydrogen peroxide increased stressin the Watts 
bath and should not be used. Duponol M.E. Dry 
is a satisfactory wetting agent to use to reduce 
pitting of the deposit. 
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ABSTRACT 


Klectrodeposition of rhenium-cobalt and rhenium-iron alloys from an aqueous am- 
moniacal citrate solution is described. The effects of bath composition, pH, tempera- 
ture, and current density on cathode current efficiency and composition of the alloy 
deposit were studied. A rhenium-cobalt solution, containing 60 g/l of CoSO,-7H.O, 10 g/1 
of KReO,, 66 g/1 of citric acid, and NH,OH to pH 7, when electrolyzed at 5 amp/dm? and 
70°C gave a cathode deposit containing 75 per cent rhenium with a current efficiency of 
about 85 per cent. A rhenium-iron solution, containing 59.4 g/l of FeSO,-7H.O, 10 g/l of 
KReO,, 66 g/l of citrie acid, and NH,OH to pH 7, when electrolyzed at the same condi- 
tions gave a cathode deposit containing 85 per cent rhenium with a current efficiency of 


65 per cent. 


INTRODUCTION 


In a recent article describing the electrodeposition 
of rhenium-nickel alloys from an ammotiacal citrate 
plating bath (1), it was mentioned that rhenium- 
cobalt and rhenium-iron alloys could be electrode- 
posited from the same type of plating solution. The 
electrodeposition of rhenium-cobalt has been previ- 
ously noted (2), although not described in detail, but 
apparently there is no previous mention of the elec- 
trodeposition of rhenium-iron alloys. 

The present work was undertaken for the purpose 
of determining suitable conditions for the electro- 
deposition of rhenium-cobalt and rhenium-iron al- 
loys from an ammoniacal citrate plating bath. The 
effects of bath composition and electrolysis condi- 
tions on cathode current efficiency and on the com- 
position of the alloy deposit were of special interest. 
A Hull cell was used to obtain qualitative informa- 
tion about the performance of the vlating solutions 
but all results reported here were obtained by regu- 
lar electrolysis methods. No attempt was made to 
find uses for these electrodeposited rhenium alloys; 
however, some of their properties were examined 
briefly. 


EXPERIMENTAL PROCEDURE 


The experimental methods were the same as de- 
scribed for the electrodeposition of rhenium-nickel 
alloys (1), except for a few necessary changes. Iron 
anodes were used with the rhenium-iron bath and ei- 
ther platinum or cobalt electrodeposited on platinum 
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was used as anode material in the rhenium-cobalt 
plating solution. Electrodeposited alloys to be ana- 
lyzed were dissolved from the insoluble platinum eath- § 
ode by sulfuric acid and hydrogen peroxide and th 
alloying metal was separated from rhenium wit! 
sodium hydroxide solution. Quantitative analysis 
methods used were: rhenium gravimetrically as nitro 
perrhenate; cobalt electrolytically; and iron volu- 
metrically by the Zimmermann-Reinhardt method 

Current efficiency calculations were based on thi 
original oxidation states of the bath components 
cobalt (11), iron (11), and rhenium (VII). No doubt 
both iron and cobalt are partially oxidized, to 
M (III), in the plating solutions; however, since th 
extent of their oxidation in these solutions is not 
known, the original oxidation states were used in the 
calculations. 


EXPERIMENTAL RESULTS 
Rhenium-Cobalt 


The rhenium-cobalt bath contained 60 g/1 oi 
CoSO,-7H:O, 10 g/l of KReO,, and 66 g/1 of citr 
acid. Ammonium hydroxide was added to the solu- 
tion to give the pH desired. 

Bath pH.—In this study the temperature of thr 
plating bath was maintained at 70°C and a curren! 
density of 5 amp/dm? was used. The pH of the solu- 
tion was varied from 3 to 8 and the effect of pli 
changes was observed by noting the cathode curren! 
efficiency and the rhenium content of the alloy de- 
posit obtained at each pH. The results, given it 
Fig. 1, show that the percentage of rhenium in the 
‘athode deposit is lowest, 65 per cent, at pli 4 
and highest, 82 per cent, at pH 8. Cathode curren! 
efficiency is best, about 90 per cent, at pH 5 and 
then decreases somewhat as the pH is increased. The 
same series of experiments was repeated at a cathode 
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current density of 10 amp/dm* instead of 5 amp/dm?; 
the effect was the same as shown in Fig. | except 
Se (hat at each pH both current efficiency and rhenium 
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Bath temperature.—¥or this study bath tempera- 
tures of 26°, 45°, 70°, and 90° + 2°C were used and 
in each case the cathode current density was 8 
amp/dm? and bath pH was 7.6. The results given in 
Fig. 2 show that temperature has a marked effect on 
‘athode current efficiency and only a slight effect 
on the rhenium content of the alloy deposit. It was 
concluded that a bath temperature of about 70°C 
would be used for additional work. 
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‘hat a rhenium-cobalt bath having a pH of 7 
hould give satisfactory performance. 


CATHODE CURRENT DENSITY AmP/0OM® 
Fic. 4. The effects of cathode current density and per 
rhenate concentration on the cathode current efficiency of 
the rhenium-cobalt bath. Bath contains 60 g/l of CoSO,- 
7H.O, KReO, as indicated, and 66 g/1 of citric acid. Temper- 
ature 70°C; pH 7.6. 
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Fic. 5. The effect of cobalt sulfate concentration on the 
rhenium-cobalt bath. Bath contains-cobalt sulfate as indi 
cated, 10 g/l of KReO,, and 66 g/I of citric acid. Tempera- 
ture 70°C; pH 8; cathode current density 5 amp/dm*. 


Current density; potassium perrhenate concentra- 
tion.—The effect of cathode current density was de- 
termined using the regular rhenium-cobalt bath (10 
g/l of KReQO,) and also baths containing 7 and 4 
g/l of KReO,. In each case bath pH was 7.6 and 
temperature was 70°C. The results given in Fig. 3 
show that current density has very little effect on 
the percentage of rhenium in the deposit and that 
increasing the concentration of rhenium in the bath 
increases the amount of rhenium in the alloy deposit 
somewhat. Fig. 4 shows that current efficiency de- 
creases somewhat, at all three concentrations of 
potassium perrhenate, as the current density is in- 
creased. 





16 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Cobalt sulfate concentration.—For this determina- 
tion the amount of cobalt sulfate in the plating solu- 
tion was varied from 10 to 120 g/l while the concen- 
tration of the other components was the same as in 
the regular rhenium-cobalt bath. Bath temperature 
was maintained at 70°C, pH was 8, and a cathode 
current density of 5 amp/dm*® was used. Fig. 5 
shows that current efficiency increases from about 
60 per cent to 90 per cent as the cobalt sulfate con- 
centration is increased from 10 to 120 g/1. The com- 
position of the alloy deposit remains fairly constant 
as the cobalt sulfate concentration is increased from 
10 to 60 g/1, but when the cobalt sulfate is increased 
to 120 g/l the amount of rhenium in the cathode 
deposit drops off sharply from about 80 per cent 
to 40 per cent. The same general effect was noted 
when these experiments were repeated at a current 
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Fic. 6. The effeet of pH on the rhenium-iron bath. Bath 
contains 59.4 g/l of FeSO,-7H.O, 10 g/l of KReO,, and 66 
g/| of citrie acid. Temperature 70°C; cathode current den 
sity 5 amp/dm?. 


density of 10 amp/dm* instead of 5 amp/dm*; how- 
ever, the rhenium content of the deposits and the 
current efficiencies were slightly lower at the higher 
current density. 


Rhenium-Iron 


The rhenium-iron bath contained 59.4 g/l of 
FeSO,-7H.O, 10 g/l of KReO,, and 66 g/1 of citric 
acid. Ammonium hydroxide was added to the solu- 
tion to give the pH desired. 

Bath pH —For this study a temperature of 70°C 
was maintained, cathode current density was 5 
amp/dm?*, and pH was varied from 3 to 8. As can 
be seen in Fig. 6 current efficiency rises sharply as 
the pH is changed from 3 to 4 and then decreases 
somewhat as the pH is increased to 8. The rhenium 
content of the alloy deposit reaches a minimum at 
pH 4 and then increases gradually to about 85 per 
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cent at pH 8. The same general effect of pH was 
noted when a current density of 10 amp/dm? was 
used instead of 5 amp/dm?’; however, current eff- 
ciencies and the rhenium content of the alloys were 
somewhat lower at this higher cur.ent density. These 
results and the Hull cell results indicate that a bath 
pH of 6 to 8 should be satisfactory. 

Current density —The effect of cathode current 
density on rhenium-iron deposition was observed 
using a bath temperature of 70°C, a pH of 7.6, and 
current densities from 2 to 12 amp/dm?. As can be 
seen in Fig. 7 the rhenium content of the alloy de- 
posit decreases somewhat as the current density js 
increased, whereas current efficiency increases up to 
a current density of 6 amp/dm? and then remains 
fairly constant. The same general trend was observed 
using baths containing less potassium perrhenate 
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Fic. 7. The effect of cathode current density on the rhe 
nium-iron bath. Bath contains 59.4 g/l of FeSO,-7H.O, 10 
g/l of KReO,, and 66 g/I1 of citric acid. Temperature 70°C, 
pH 7.6. 


(4 and 7 g/l), but the results were rather erratic so 
are not given here. 


ALLOY PROPERTIES 


Electrodeposited rhenium-iron alloys were gen- 
erally brighter than rhenium-cobalt or rhenium- 
nickel alloys, although some of the iron alloys 
obtained at low bath pH values and high current 
densities were somewhat dull. Many of the rhenium- 
cobalt alloys were silvery in appearance and some 
of the deposits obtained at 10 amp/dm®? had a ten- 
dency to peel away from the basis metal. 

It was observed that rhenium-cobalt alloys were 
perhaps less resistant to laboratory fumes than the 
other alloys. Electrodeposited rhenium-nickel and 
rhenium-iron remained bright and untarnished when 
exposed to laboratory air for three months whereas 
rhenium-cobalt became somewhat dull and gray. 
Electrodeposited rhenium under similar conditions 
became quite dark in ten days, and in three months 
the entire plate was covered with a dark nonadheren! 
corrosion product; when this was rubbed off a bright 
surface of rhenium was again visible. The resistance 
of electrodeposited rhenium-nickel to common re- 
agents (1) was perhaps somewhat better than was 
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observed for rhenium-cobalt and rhenium-iron, al- 
though there were no very marked differences. In 
all these cases the alloy was plated on copper. 


DISCUSSION 


A comparison of the characteristics of the rhenium- 
cobalt, rhenium-iron, and rhenium-nickel (1) plating 
solutions shows that, in general, rhenium-cobalt and 
rhenium-iron solutions are quite similar to each other 
and that both are quite different from rhenium- 
nickel solutions. For example, whereas pH variations 
of the rhenium-nickel bath have only a minor effect 
on the rhenium content of the alloy deposits (Ref. 1, 
Fig. 2), pH variations of the other solutions have a 
fairly marked influence on the composition of the 
electrodeposited alloy. It is to be noted also that 
both rhenium-cobalt and rhenium-iron plating solu- 
tions give alloy deposits with a minimum rhenium 
content at a bath pH of 4. 

The mechanism of the cathode process involved 
in the electrodeposition of these rhenium alloys is 
somewhat uncertain but the assumed presence of 
certain types of coordination complexes can be used 
to explain the high rhenium content of the alloys. 
The formula for one of the cobalt ammine complex 
rhenium salts that has been prepared (3) is Co(N H;)¢ 

ReO,);. According to Werner’s theory of coordina- 
tion compounds this type of compound may undergo 
isomerism in solution to give the following types of 


RHENIUM-COBALT AND RHENIUM-IRON ALLOYS 47 


ions: 
[Co(N H;);Ret )4| ++ and [Co(N Hs), (Ref Ys)ol*. 


If it can be assumed that similar nickel, and perhaps 
iron (II), complexes are also formed, then the plating 
solutions will all contain rhenium in a_ positively 
charged complex ion. Such a positive ion would be 
transported to the cathode more readily than a nega- 
tive ion which would approach the cathode by dif- 
fusion. Thus, the rather high rhenium content of the 
alloy deposits and the fairly high current efficiencies 
are explainable. It is quite probable that the presence 
of citrate ion in the plating solutions affects the types 
of complex ions present and thus adds to the com- 
plexity of the reduction process. 

It is felt that the mechanism of the electrodeposi- 
tion of these alloys of rhenium with iron, nickel, and 
cobalt will not be understood until the electrodeposi- 
tion of the single metals (Ni, Co, or Fe) from citrate 
solutions has been studied thoroughly. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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' ABSTRACT 


The electrodeposition of cobalt-tungsten-molybdenum alloys is described. The aque- 
ous plating bath was prepared from sodium tungstate, sodium molybdate, cobalt sul- 
fate, and ecitrie acid. The pH of the solution was adjusted by the addition of either 
ammonium hydroxide or dilute sulfuric acid. A Hull cell and regular plating pri 
cedures were used to determine optimum bath concentrations and electrolysis condi- 
tions. It was found thai a bath containing 0.23 mole per liter of cobalt sulfate, a total of 
0.23 mole per liter of sodium tungstate and sodium molybdate (W:Mo mole ratio of 7:3), 
and 0.31 mole per liter of citrie acid gave satisfactory performance. When this plating 
solution was adjusted to pH 4 and maintained at 25°C, electrolysis at 5 amp/dm* gave 
a cathode deposit containing 66 per cent cobalt, 21 per cent molybdenum, and 13 per 
cent tungsten with a cathode current efficiency of 73 per cent. 


+ 


INTRODUCTION 


The electroreduction of aqueous tungstate or 
molybdate solutions in the presence of nickel, cobalt, 
or iron salts to give various binary alloys as cathode 
deposits has been reported a number of times (1-5), 
but there has been very little interest in the electro- 
deposition of ternary alloys from similar solutions. 
The electrodeposition of nickel-cobalt-tungsten al- 
loys from‘an acid plating solution has been reported 
(6) and electroplated ternary alloys containing 
nickel, cobalt, and tungsten and also iron, cobalt, 
and tungsten have been described briefly (5). Re- 
cently, in reporting the electrodeposition of molyb- 
denum alloys (4), it was noted that ternary alloys 
containing tungsten, molybdenum, and a codeposit- 
ing metal could be electroplated from similar solu- 
tions. In the present work the electrodeposition of 
cobalt-tungsten-molybdenum alloys from a citrate 
type of aqueous plating solution was investigated. 
The work was limited to citrate solutions because 
this type of bath was used to obtain most of the 
binary tungsten or molybdenum alloys previously 
reported. Since neither tungsten nor molybdenum 
has been electroplated alone in appreciable amounts 
irom aqueous solution, it was felt that electrode- 
posited ternary alloys containing these two metals 
and a codepositing metal would be of some interest. 
Cobalt was selected as the codepositing metal for 
this study although it is probable that either iron 
or nickel would have served equally well. The main 
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purpose of the investigation was to gain more in- 
formation about the electroreduction of aqueous 
tungstate and molybdate solutions. 


EXPERIMENTAL 


All the plating solutions used in this study were 
prepared from sodium molybdate, sodium tungstate 
dihydrate, cobalt sulfate heptahydrate, and citric 
acid monohydrate. In preparing the baths, the de- 
sired amounts of cobalt sulfate and citrie acid were 
first dissolved in water and then the sodium molyb- 
date and sodium tungstate were added. The pH of 
the solution was adjusted by the addition of am- 
monium hydroxide or dilute (1:5) sulfuric acid. All 
pH determinations were made with a glass electrode. 

The experimental work was organized to bring 
out the effects of such factors as bath composition, 
bath pH, and bath temperature on cathode current 
efficiency and on the appearance and composition 
of the cathode deposits. Preliminary qualitative in- 
formation was obtained with the Hull cell but all 
quantitative information was of necessity obtained 
by using regular plating procedures. 


Huuit Ceitt Resuuts 


The design and operation of the Hull cell has been 
described by the inventor (7). The 267-ml model 
used in this work was equipped with a 6.4 em x 102 
em copper cathode and a 6.4 em x 64 em 
platinum anode. A current of 3 amperes, supplied 
by a variable voltage rectifier, was used; this curren! 
gave a cathode current density range of from about 
1 amp/dm?* to 16 amp/dm*. External cooling was 
necessary when the solutions were used at room tem- 
perature even though the period of electrolysis was 
only five minutes. The appearance of the Hull cell 
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eathodes was used as a measure of the effect of vari- 
ous changes in bath composition over a pH range of 
from 2 to 10. About fifty Hull cell runs were made 
to obtain the qualitative information described be- 
low. 

Sodium molybdate concentration.—The solutions 
used for this study contained 60 g/l of CoSO,-7H.O, 
10 g/l of NasWO,-2H.0, 66 g/l of citric acid, and 
variable amounts (2, 10, 20, 30, or 40 g/l) of 
NaeMoQ,. Each bath with a given concentration of 
sodium molybdate was used at pH values of 2, 4, 6, 
8 and 10. Temperature was maintained at 25°C ex- 
cept in a few, cases Where the temperature was 70°C. 
The resulting Hull cell cathodes indicated that: a 
bath pH of 4 is best for all the concentrations of 
sodium molybdate used; baths with lower concentra- 
tions of sodium molybdate (2 and 10 g/l) have the 
greatest current density range of deposition; a bath 
temperature of 25°C is much better than a bath 
temperature of 70°C. 

Sodium tungstate concentration.-The solutions 
used for this work contained 60 g/l of CoSO,-7H,0O, 
10 g/l of NasMoO,, 66 g/1 of citric acid, and variable 
amounts (2, 20, or 40 g/l) of Na,WO,-2H.O. Each 
bath with a given concentration of sodium tungstate 
was used at pH values of 2, 4, 6, 8, and 10. The 
resulting Hull cell cathodes indicated that: a bath 
pH of 4 is best; varying the concentration of sodium 
tungstate seems to have no significant effect on the 
current density range of deposition. 

Cobalt sulfate concentration.—The solutions used 
for this purpose contained 40 g/l of NasWQO,-2H.0, 
10 g/l of NasMoQO,, 66 g/1 of citric acid, and variable 
amounts (2, 20, 60, or 80 g/1) of CoSO,-7H.O. Each 
bath with a given concentration of cobalt sulfate 
was used at pH values of 2, 4, 6,8, and 10. The result- 
ing Hull cell cathodes indicated that: a bath pH of 
tis best; increased cobalt sulfate concentration gives 
increased current density range of deposition; at 80 
g | of cobalt sulfate and bath pH 10 there is a new 
bright plating range. 

Bath concentration in moles/liter—It is obvious 
that the composition of the cathode deposit is de- 
pendent on the actual as well as the relative concen- 
tration of the plating solution. To make compara- 
tive values more significant the concentration of each 
bath ingredient was expressed in terms of moles per 
liter instead of grams per liter. To study this con- 
centration effect, baths were made up containing 
fixed amounts of cobalt sulfate and citrie acid and 
Variable amounts of total tungstate + molybdate 
bu! with a 1:1 mole ratio of tungstate to molybdate. 
ths were made up to contain 0.23 mole (64.5 
g ' liter of CoSO,-7H.O, 0.31 mole (66 g) per 
{ citrie acid, and decreasing amounts of total 
‘ate + molybdate (1:1 mole ratio) from 0.46 
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mole (76 g/l Na,sWO,-2H.O + 47.5 g/l NasMoQ,) 
to 0.057 mole/liter. The bath pH was 4 and the 
temperature was 25°C in each case. The resulting 
Hull cell plates (Fig. 1) show that as the concentra- 
tion of tungstate + molybdate in the bath decreased, 
the appearance of the plates became progressively 
better until a concentration of 0.057 mole /liter gave 
a mirror bright surface over the whole Hull cell 
cathode. 


QUANTITATIVE RESULTS 


Regular plating procedures were used to obtain 
quantitative information about the electrodeposition 
of these alloys. The electrolytic cells, 250-ml beakers, 
containing 225 ml of plating solution, were placed in 
a water thermostat to maintain a bath temperature 
of about 25°C. Each cell was equipped with two 
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Fig. 1. Hull cell cathodes showing the plating range of 
solutions containing varying amounts of total sodium tung 
state + sodium molybdate. Baths contain (per liter): 0.23 
mole of cobalt sulfate, 0.31 mole of citric acid, and the indi 
cated amount of tungstate + molybdate in a 1:1 mole ratio. 
Bath pH 4; temperature 25°C; total current 3 amperes; 


time 5 minutes. (Current density values are approxima- 
tions.) 


platinum anodes and a gold cathode, all 3 em x 3 em 
in size. Usually several electrolytic cells were oper- 
ated in series with a copper coulometer. 

The analysis of these alloys was complicated by 
the difficulty of making a complete separation of 
tungsten and molybdenum. Since the presence of an 
organic reagent such as cinchonine is known to give 
high values for the tungsten in the presence of molyb- 
denum, due to coprecipitation of molybdenum, it 
was decided to precipitate tungstic acid without the 
addition of cinchonine even. though this results in 
slightly low values for tungsten. After removal of the 
precipitated tungstic acid, the cobalt was separated 
with sodium hydroxide and then determined electro- 
lytically using a Slomin electroanalyzer. Molybde- 
num was determined gravimetrically by precipitation 
as lead molybdate. The use of an insoluble gold 
cathode simplified the analysis somewhat. In some 
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cases the amount of molybdenum was estimated by 
difference after the percentages of cobalt and tung- 
sten in the alloy deposit had been determined. 
Cathode current efficiency calculations were based 
upon the analysis of the cathode deposit, the neces- 
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Fic. 2. The effect of the tungstate-molybdate mole ratio 
on cathode current efficiency and composition of the cathode 
deposit. Baths contain (per liter): 0.23 mole of cobalt sul- 
fate, 0.31 mole of citric acid, and a total of 0.23 mole of so 
dium tungstate + sodium molybdate in the ratios indicated. 
Bath pH 4; temperature 25°C; eathode current density 5 
amp/dm?. 
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CITRIC ACID IN BATH-MOLES/LITER 

Fic. 3. The effect of citric acid concentration on cathode 
current efficiency and composition of the cathode deposit. 
Baths contain (per liter): 0.23 mole of cobalt sulfate, 0.23 
mole of sodium tungstate + sodium molybdate (7:3 mole 
ratio), and citric acid. Bath pH 4; temperature 25°C; cath- 
ode current density 5 amp/dm?. 


sary chemical equivalents, and the weight of cop- 
per deposited on the copper coulometer cathode. 
Mole ratio of tungstate to molybdate-—The Hull cell 
results (Fig. 1) showed that the total combined con- 
centration of tungstate and molybdate should be 
less than 0.46 mole/liter, so a concentration of 0.23 
mole/liter was used for additional work; however, 
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there was no reason to suppose that the 1:1 mole 
ratio of tungstate to molybdate gave the best de- 
posits, so the effect of changing this ratio was studied. 
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Fig. 4. The effect of bath pH on cathode current efficiency 
and composition of the cathode deposit. Baths contain 
(per liter): 0.23 mole of cobalt sulfate, 0.23 mole of sodium 
tungstate + sodium molybdate (7:3 mole ratio), and 0.3) 
mole of citrie acid. Cathode current density 5 amp/dm:* 
temperature 25°C. 
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Fic. 5. The effect of cobalt sulfate concentration © 
cathode current efficiency and composition of the eathod 
deposit. Baths contain (per liter) : 0.23 mole of sodium tung 
state + sodium molybdate (7:3 mole ratio), 0.31 mole 0! 
citric acid, and cobalt sulfate. Bath pH 4; temperatur 
25°C; eathode current density 5 amp/dm? except that 1) 
amp/dm? were used at the two lowest concentrations 0! 
cobalt sulfate. Points on the graph which are enclosed |! 
squares are the values obtained at 15 amp/dm?. 


A number of baths were prepared with 0.23 mole 
liter of cobalt sulfate, 0.31 mole/liter of citric acid, 
and with a total of 0.23 mole/liter of sodium tung 
state + sodium molybdate in varying mole ratio 
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rhe ratio of tungstate to molybdate was varied from 
10:0 (0.23 mole of tungstate, no molybdate) to 0:10 
(‘no tungstate, 0.23 mole of molybdate). The baths 
were adjusted to pH 4 and maintained at 25°C dur- 
ing electrolysis at 5 amp/dm*. 

Fig. 2 shows the cathode current efficiencies and 
the analyses of the cathode deposits obtained from 
these baths. It can be concluded from these results 
that the effect of the concentration of molybdate 
in the bath is much more pronounced than that of 
the tungstate. The amount of tungsten or molyb- 
denum in the cathode deposit is not a linear function 
of the concentration in the bath; nor is the combined 
percentage of tungsten + molybdenum in the de- 
posit constant. The highest current efficiency was 
observed in baths having W:Mo mole ratios of 7:3 
and 6:4. The best appearing deposits were obtained 
from baths having mole ratios of from 8:2 to 5:5. 
At the high tungsten end of the series the deposits 
tended to flake off the cathode and at the high molyb- 
denum end of the series the deposits became 
streaked and discolored. On the basis of these results 
the 7:3 mole ratio of tungstate to molybdate was 
selected to be used for additional work; this was 
prepared from 0.161 mole (53.1 g) NazsWO,-2H,0, 
and 0.069 mole (14.2 g) NasMoQ,, to give a total of 
(0.23 mole/liter of tungstate + molybdate. 

Citric acid concentration.—Citric acid is a necessary 
component of the plating solutions and functions as 
a complexing agent. The effect of citric acid con- 
centration was studied using baths containing 0.23 
mole, liter of cobalt sulfate, 0.23 mole/liter of sodium 
tungstate + sodium molybdate (7:3 mole ratio), 
and with the concentration of citric acid varying 
from 0.1 to 0.5 inole/liter. Bath pH was 4, bath tem- 
perature 25°C, and the average cathode current den- 
sity was 5 amp/dm?. Fig. 3 shows the resulting cur- 
rent efficiencies and the composition of the cathode 
deposits; most noticeable is the drop in current effi- 
clency as the citric acid concentration was increased 
from 0.3 to 0.5 mole /liter. 

Bath pH.—Solutions containing 0.23 mole/liter of 
cobalt sulfate, 0.23 mole/liter of sodium tungstate 
+ sodium molybdate (7:3 mole ratio), and 0.31 
mole liter of citric acid were used in this study. 
Bath pH was varied from 2 to 7, temperature was 


onog. ; . fon 
§-) © and cathode current density was 5 amp/dm’. 


lig. 4 shows the resulting current efficiencies and 
the composition of the cathode deposits. It is to be 
noted that as the pH increased, the amount of tung- 
sten in the deposit remained fairly constant, whereas 
the amount of molybdenum increased and_ the 
amount of cobalt decreased. Maximum current ef- 
ficiency was at pH 4 and the best appearing deposits 
Were obtained in the pH range 3 to 6. These results 
confirmed the previously described Hull cell results 
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which indicated that a bath pH of 4 was perhaps 
the most satisfactory. 

Cobalt sulfate concentration.—Solutions containing 
0.23 mole /liter of tungstate + molybdate (7:3 mole 
ratio), 0.31 mole/liter of citric acid, and varying 
amounts of cobalt sulfate (from 0.007 to 0.46 mole 
liter) were used. 3ath pH was 4, ternperature was 
25°C, and the average cathode current density was 
5 amp/dm? except that 15 amp/dm? were required 
in order to get a cathode deposit at the two lowest 
concentrations of cobalt sulfate. Fig. 5 shows the 
resulting current efficiencies and the composition of 
the cathode deposits. It is to be noted that, as the 
cobalt sulfate concentration increased, the percent- 
age of tungsten in the deposit was unchanged, the 
percentage of molybdenum decreased, the percentage 
of cobalt increased, and the cathode current effi- 
ciency increased. 

Anodes.—Platinum anodes were used in all the 
work that has been described. In some brief explora- 
tory work it was found that cobalt and molybdenum 
were satisfactory as anodes; however, tungsten 
seemed unsatisfactory as it became highly polarized 
and the flow of current dropped off rapidly). 

Alloy properties —No attempt was made to study 
the properties of these electrodeposited Co-W-Mo 
alloys. However, a cursory examination of the alloy 
ceposited on a low carbon steel rod indicated that 
the plate was rather soft. It could be scratched easily 
with a file and seemed softer than electrodeposited 
binary alloys of tungsten. 

Other ternary alloys —Additional work has shown 
that the following ternary alloys can be electrode- 
posited from the citrate type of plating solution: 
Fe-W-Mo, Ni-W-Mo, Co-Ni-W, Fe-Co-W, Fe-Ni-W, 
Co-Ni-Mo, Fe-Co-Mo, Fe-Ni-Mo, and Fe-Co-Ni. 


DISCUSSION 


An examination of the experimental results makes 
it evident that tungstates and molybdates behave 
quite differently in these plating solutions. For ex- 
ample, when the concentration of citric acid in the 
bath was increased, the amount of tungsten in the 
cathode deposit changed very little whereas the 
amount of molybdenum increased very markedly 
(Fig. 3). When the concentration of cobalt sulfate 
in the bath was increased there was no marked 
change in the tungsten content of the cathode de- 
posits while the molybdenum content decreased con- 
siderably (Fig. 5). When the bath pH was increased 
the amount of tungsten in the deposit did not change 
appreciably while the molybdenum increased con- 
siderably (Fig. 4). These differences are somewhat 
unexpected and difficult to explain when one con- 
siders the chemical similarity of tungsten and molyb- 
denum. 
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No attempt was made to identify the various ions 
and complexes which are present in the plating solu- 
tions, but some reasonable guesses as to their identity 
can be made. Cobalt is probably present as a citrate 
complex and (or) as an ammine. The pH of the solu- 
tion would be expected to have an effect on the 
oxidation state of the cobalt and the type of com- 
plex which predominates. It is quite likely, particu- 
larly with solutions containing excess ammonia, that 
cobalt (IIL) amrnines would predominate since under 
these conditions the trivalent state of cobalt is the 
more stable; however, the effect of the citrate ion 
and citrate complexes on these ammines is not 
known. The normal tungstates and molybdates 
added to the plating solutions would perhaps re- 
main as such only in basic solutions. Various poly- 
tungstates and polymolybdates are known to form 
when the normal salts are carefully acidified, and 
no doubt compounds of this type are present in some 
of the plating solutions. The fact that poly-acids of 
molybdenum are more numerous than are those of 
tungsten may help to explain some of the differences 
in behavior of tungstates and molybdates which have 
already been noted. Some of the known derivatives 
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of molybdic acid and tungstic acid with citric acid 
could also be present in the plating solutions. his 
lack of definite information about the substances 
present in the baths makes it impossible to suggest 
at this time a reasonable mechanism for the process 


whereby aqueous tungstates and molybdates are 


electrolytically reduced in the presence of cobalt 
compounds. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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Aluminum Plating Baths' 
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ABSTRACT 


Aluminum waveguides with twists, bends, and/or tapers were electroformed by elec- 
trodepositing aluminum on electropolished, copper-plated, cadmium-nickel-alloy man- 
drels, followed by melting out the cadmium-nickel alloy and dissolving out the copper 
ip nitric acid solution. This is a new procedure for obtaining mirrorlike inner surfaces of 
electroformed articles. The aluminum walls (0.65 to 1.0 mm thick) were dense, strong, 
and ductile. The high-purity aluminum electrodeposits were as hard as 138 Knoop. The 
plating baths consisted of a dispersion of toluene in a toluene solution of the fusion prod- 
uct of ethyl pyridinium bromide and aluminum chloride with methyl! t-butyl ether or 
another addition agent for improving the physical properties of the aluminum electro- 
deposits*. The baths were used for as long as 560 amp-hr/I (44 days) and could have been 


used longer if necessary. 


INTRODUCTION 


The electrodeposition of aluminum was investi- 
gated with the objective of making light-weight 
waveguides that could be tested for radar wave- 
transmission characteristics. A wall thickness of at 
least 0.5 mm was required for rigidity and strength. 
A satisfactory process was developed for electro- 
depositing aluminum 0.65 mm or more thick. Suit- 
able deposits of aluminum exceeding 0.05 mm in 
thickness were not obtainable by any method tested 
according to reports in the literature. In the pre- 
liminary tests, the bath described by Hurley and 
Wier (1-3) produced better aluminum plate than 
any of the others. It was prepared by fusing one 
mole of ethyl pyridinium bromide with two moles 
of anhydrous aluminum chloride and adding benzene 
or toluene until a second layer formed on top of the 
plating solution. Aluminum was plated on cathodes 
in the lower layer. 

Attempts to electrodeposit aluminum thicker than 
0.05 mm (0.002 in.) resulted in “lacey”? nodular 
metal unsuitable for waveguide surfaces. The bath 
needed some kind of modification if electroforms 
were to be achieved with the required wall thickness. 
When a good plate was produced, by improvements 
described herein, the more commonly used low- 
melting alloys for mandrels were found, unsuitable 
for “clean” removal from the aluminum electro- 
forms. 

EXPERIMENTAL 
Preliminary Results 


ie ethyl pyridinium bromide-aluminum chloride 
l'on product dissolved in toluene was greatly im- 
lanuseript received October 15, 1951. This paper pre- 
‘or delivery before the Montreal Meeting, October 
“i 1, 1952. 


ject of a patent application. 
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proved’ through the use of an organic addition agent 
and by dispersion of toluene in the solution of the 
fusion product and addition agent. A new improved 
electrical system was also devised. 

The plating baths were made up by the following 
formula: 


Per cent 


Constituent by weight 


Fusion product of 1 mole of ethyl pyridin- 
ium bromide + 2 moles of aluminum chlo- 


ride 32 
Toluene (sp gr 0.866) 67 
Methy! ¢-butyl ether 1 


An extensive series of preliminary experiments led 
to the selection of the methyl ¢-butyl ether as the 
best addition agent effecting the necessary improve- 
ment in the aluminum plate. Other addition agents 
effecting smooth and dense plates are reported in a 
following section. 

The specific resistivity of the lower layer [solution 
of fusion product (eutectic) in toluene without dis- 
persed excess toluene] was 6.8 ohm-em at 30°C 
(85°F). The methyl ¢-butyl ether is soluble in the 
lower layer. The upper layer of toluene was non- 
conducting and could be dispersed by gas (nitrogen) 
agitation in the lower layer. When the gas agitation 
was stopped, the bath again separated into two 
layers, which were easily redispersed for plating. 
Then, with the gas agitation and the methyl t-butyl 
ether addition agent, sound, dense, aluminum plate 
was made in thicknesses up to 1 mm (0.040 in.). 

The fusion product of ethyl pyridinium bromide 
and aluminum chloride was prepared by slowly add- 
ing molten ethyl pyridinium bromide (mp 114° 
116°C) from a dropping funnel to anhydrous alumi- 


3’ Subject of a patent application. 
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num chloride protected against air with nitrogen or 
argon gas. The reaction was completed by heating 
the mixture at 200°C for 15 minutes. Two mofes, or 
58.7 parts by weight, of aluminum chloride and one 
mole, or 41.3 parts by weight, of ethyl pyridinium 
bromide form a eutectic that melts at about —40°C. 
The composition of representative batches of the 
fusion product deviated slightly from the theoretical 
composition of the eutectic. The bromine and chlo- 
rine contents of the products were less than the cal- 
culated bromine and chlorine contents of the eutectic. 
The aluminum content was slightly greater than the 
calculated aluminum content of the eutectic. Hydro- 
gen halide was evolved when ethyl pyridinium bro- 
mide was fused with aluminum chloride. 

To account for the loss in hydrogen halide and 
the gain in aluminum, at least one complex, besides 


TABLE I. Composition of ethyl pyridinium 
bromide-aluminum chloride fusion products 


Theoretical 

composition 

of CoHsN 
(Br)CoHs- 
AleCle 


Per cent found, 


Constituent by weight 


11.9 to 12.5, by 
analysis 
45.7 to 46.7, by 
| analysis 
15.8 to 17.2, by 
analysis 
4.3 to 63.5, ecal- 
culated 
34.9 to 88.2, eal 
culated 
0.3 to 4.1, eal- 
culated 


Ajuminum 11.9 


Chlorine 47.0 
Bromine 17.6 
C,H,N(Br)C.H,-ALCl, 100 
IC ,H,N (Br)C.H,- AleCl,],- Al 


Free HCl 


the eutectic, must be assumed. The complex 
[CsH\N (Br)C.H,- Al,Cle};- Al is a possibility. The 
weight fractions of the eutectic, of [(C;H,N (Br)C.Hs- 
AlsCl¢},- Al, and of free HCl were calculated on the 
hasis of the aluminum, chlorine, and bromine con- 
tents. The results of the calculations are given in 
Table I. Fusion products in the composition range 
shown in Table I produced equally good deposits of 
aluminum when dissolved in toluene, and agitated 
to disperse the excess toluene, and when an addition 
agent was used. 

Ethyl pyridinium bromide was prepared by mixing 
equimolecular proportions of pyridine and ethyl bro- 
mide with nitrogen gas passing over the mixture to 
protect it from oxidation and hydrolysis. The tem- 
perature of the reaction was kept below 35°C by 
running cold water over the reaction flask. Crystals 
of ethyl pyridinium bromide began to form after 15 
to 30 minutes. After 48 hours, the product was re- 
crystallized three times in xylene. Xylene was re- 


Oro 


moved by vacuum distillation, starting at 25°C and 
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heating to 150°C in about 30 minutes. The yield 
was 85 per cent, or more. The melting point of the 
product was 114° to 116°C. 


Electroforming Cell and Operating Conditions 


During the preiiminary studies to establish suit- 
able addition agents and conditions for electrodepos. 
iting sound, thick aluminum plate, 250-ml baths were 
used. Ultimately, 9-liter baths were used for produc. 
ing segments of waveguides for tests to measure the 
transmission efficacy of aluminum electroforms wit} 
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Fic. 1. Nine-liter aluminum plating cell 


The 9-liter bath was contained in the Pyrex glass 
plating cell shown in Fig. 1. The electrodes were 
suspended from tapered 28 aluminum plugs fitting 
the tapered glass joints at the top of the cell. Th 
mandrel (cathode) was suspended in the center 0! 
the cell and four aluminum anodes (assaying 99.! 
per cent aluminum) were placed around the side 0! 
the cell. A water-cooled condenser was fitted into 
the inclined tube at the top. Thus, continuous!) 
condensed toluene was returned to the plating bath 
The plating solution was continuously filtered while 
it was pumped with the gas-lift pump from the bot 
tom of the cell and returned to the cell at a higher 
level. The filter bed, supported by the perforated 
glass plate, was composed of glass wool. The plating 
temperature was maintained at 30° + 1°C with® 
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375-watt infrared heating bulb focused on one side 


of the cell and controlled with a thermoregulator. 
‘Tank nitrogen gas passed through a tube packed 
with copper turnings and heated to 650°C to remove 
oxvgen. It was then bubbled through toluene to com- 
pensate for the toluene carried out of the plating 
hath with the exit gas stream. The volume of excess 
toluene in the bath was adjusted by regulating the 
temperature of the toluene in the bubble tower and 
the flow of cold water to the condenser, which was 
the gas outlet. The rate of the gas flow was regulated 
by a tank valve and was measured with a manometer. 
It was maintained at the rate predetermined to be 
about 50 per cent more than that needed to disperse 
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Fic. 2. Eleetrical cireuit for electroforming waveguide 
segments 


the excess toluene in the solution of fusion product 
in toluene, about 0.2 m*/hr. 

The electrical equipment included a 6-volt d-e gen- 
erator, a transformer for 60-cycle a-c, an autotrans- 
former for 60-cycle a-c, a generator for 400-cycle a-c, 
an autotransformer for 400-cycle a-c, and a rheostat 
lor d-c. Shunts were placed in the circuit so that a 
vacuum-tube voltmeter could be used to measure 
ac in amperes. The electrical circuit is shown in 
Fig. 2. 

The a-e density on the anodes and cathode was 
regulated independently by adjusting the 60-cycle 
4-¢ superimposed between the anodes or the 400-cycle 
4-C superimposed on the d-e. The d-e density on the 
cathode was 1.1 to 2.2 amp/dm? (10 to 20 amp/ft?). 
With no a-e superimposed on the d-c, the aluminum 


ELECTROFORMING ALUMINUM WAVEGUIDES 55 


electrodeposits were highly stressed and were some- 
times cracked. Excessive a-c superimposed on the 
d-c caused the electrodeposits to become nodular. 

The cathode current efficiency, based on d-c only, 
was generally 91 to 95 per cent. The d-c voltage be- 
tween the cathode and the anodes was between 1.5 
and 2.0 volts. The a-c voltage between the cathode 
and the anodes was between 1.5 and 2.5 volts. 

The d-c density on the anodes was 1.5 to 
3 amp/dm? (14 and 28 amp/ft?). The a-c density on 
the anodes was 1.1 to 1.3 amp/dm? (10 to 12 amp 
ft®). A lower a-c density on the anodes caused an 
anode sludge (principally silicon-containing phase) to 
dislodge, resulting in nodular plate. The anode cur- 
rent efficiency, based on d-c only, was between 101 
and 105 per cent. Hydrogen halide was continuously 
evolved from the bath at the rate of 0.01 g/hr, or 
less. It evidently reacted with the aluminum elec- 
trodes, causing the anode efficiency to be slightly 
greater than 100 per cent, and the cathode efficiency 
to be slightly less than 100 per cent. 


The Mandrels 


The mandrels were cast to the proper outside 
dimensions to provide the exact inside dimensions 
of the waveguide, the inside surface of which thus 
became the mirror image of the outside surface of 
the mandrel. Cadmium-nickel alloy (containing 1 to 
2% nickel) provided better castings than alloys of 
lead with antimony, bismuth, or other metals to give 
very low melting points. 

To cast the mandrels, the cadmium-nickel alloy 
was superheated to about 480°C and was poured in a 
graphite-coated steel mold preheated to 430°C. The 
mold was chilled on the outside with cold water, 
freezing the melt progressively from the bottom to 
the top. The complex-shaped mandrels were ma- 
chined from large slabs of the alloy to avoid the cost 
of making special molds. 

After grinding the surfaces, the castings were 
plated with about 0.07 mm of copper (approximately 
0.003 in.) in a copper pyrophosphate bath (4) at 
52°C with a cathode current density of about 2 
amp/dm? (18.6 amp/ft?). Smooth, mirrorlike sur- 
faces were produced by electropolishing the copper- 
plated mandrels in a chromic acid-phosphoric acid 
bath (5). 

After electrodepositing 0.65 to 1.0 mm (0.025 to 
0.040 in.) aluminum on the mandrels, the ends of 
the segments were trimmed to the desired length 
[generally 17.7 em (7 in.)| and the alloy was melted 
out by heating to 370°C. The copper plate and the 
small particles of the alloy that adhered to the copper 
were dissolved in a nitric acid solution (sp gr 1.42), 
which was maintained at 40°C (104°F) or less to 
avoid etching the aluminum. After rinsing, the wave- 
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guides were dipped in a cleaning solution con:posed 
of 85 per cent phosphoric acid (by weight), saturated 
with chromic acid at 70°C, and, finally, rinsed and 
dried. 

Without the copper plate, particles of the mandrel, 
alter melting out, clung to the surface of the alumi- 
num electroform and were difficult to remove with- 
out damaging the aluminum surface. Neither did the 
cadmium-nickel alloy melt out clean from the cop- 
per. However, the copper was easily dissolved away 


in nitric acid, leaving a mirror-finished aluminum 
surface. 





Fie. 3. Exper'.uental aluminum waveguide segments. 
Left to right: flanged straight segment; tapered segment; 
and segment with a 90° bend and a 90° twist 


Appearance, Purity, and Properties of the 
Electroformed Waveguides 


Examination of the inner surfaces of the wave- 
guides with a boroscope, which magnified the image 
10 diameters, showed no surface irregularities. Most 
of the waveguides produced by the procedure de- 
scribed in the preceding sections had good ductility 
and strength. 

The methyl ¢-buty]l ether or another addition agent 
was necessary in the original bath formulation to 
cause the outer surfaces of the 0.65- to 1.0-mm thick 
(0.025 to 0.040 in.) electrodeposits to be smooth. 
When the smoothening agent was omitted, deposits 
exceeding about 0.2 mm (0.008 in.) in thickness were 


nodular. The nodular deposits were not so hard as 
the smooth plates. The microhardness of the cross 
sections was between 28 and 36 Knoop for the nodu. 
lar plate and between 36 and 138 Knoop for the 
smooth deposits. 

Representative waveguides made during this ip. 
vestigation are shown in Fig. 3. The outer surfaces 
of these waveguide segments are the same as they 
were when removed from the bath. The ends wer 
cut off to prescribed lengths. 





Fic. 4. Photomicrograph of a representative aluminun 
electroform produced with the proper operating conditions 
Ktched with 0.5 per cent HF solution. 85x. [Dense meta 
essentially pore free (0.022 in. thick)}. 





Fic. 5. Photomicrograph of aluminum electrodepos 
produced with a deficient a-c density on the cathod 
Etched with 0.5 per cent HF solution. 93x. 


Flanges were attached by aluminum brazing alte 
melting out the cadmium-nickel-alloy mandrel. 

The ductility of aluminum plates electrodeposite¢ 
during the first 24 or 48 hours after formulating 
new bath was inferior to the ductility of electr 
deposits produced after a 48-hour “break-in’’ period 
which probably served to remove metallic impuritie 
The impurities found in a plate electrodeposited alt 
a 24-hour “‘break-in”’ period were, according to spe 
trographic analysis, as follows: 0.05 to 0.1 per ce! 
silicon, 0.05 to 0.1 per cent iron, 0.01 to 0.1 per cel 
lead, 0.005 to 0.05 per cent copper, 0.005 to 0.05 pt 


fier mins 





nul 
ions 


} 


eta 


posi! 


hode 





& 
BS 
td - 


Vol. 99, No. 2 


cent magnesium, and less than 0.005 per cent chro- 
mium. Although the total percentage of impurities 
in the electrodeposit was very small, it was larger 
than the total percentage of impurities in the anodes. 
The aluminum chloride used to make the fusion 
product contained more metallic impurities than the 
other materials used in formulating the bath. 

In contrast to the good ductility obtained when 
excess toluene was dispersed in the solution of the 
fusion product, only brittle electrodeposits, probably 
containing occluded organic matter, were obtained 
when the plating bath was unagitated. The addi- 
tion of methyl t-butyl ether or another smoothening 
agent did not affect the ductility of the deposits made 
in the agitated baths. 

The organic-impurity content of aluminum electro- 
deposits was estimated by measuring the volume of 
nitrogen and carbon dioxide evolved by thermal de- 





Fic. 6. Photomicrograph of an aluminum deposit pro 
duced without bath agitation. Keller’s etch. 143. [Top: 
treelike sponge metal. Bottom: relatively dense initial 
layer, not pore free (0.0015 in. thick) | 


composition at 636°C. The carbon dioxide content 
was less than 0.005 per cent by weight, and the 
nitrogen content was consistently 0.01 per cent by 
weight. The hydrogen content of deposits produced 
with methyl t-butyl ether added to the bath for its 
smoothening effeet was between 0.015 and 0.025 per 
cent by weight. The hydrogen content of a deposit 


produced without smoothening agent was 0.005 per 
rent 


Vicrostructure of Aluminum Electrodeposits 


The microstructure of a representative aluminum 
electrodeposit produced with the optimum conditions 
dl scribed previously is shown in Fig. 4. The addi- 
ion of methyl t-butyl ether or other agent added 
lor smoothening purposes did not significantly affect 


: 

‘he nuerostructure of the deposits. However, such 
atl 
cl 


nm agents cc used a notable increase in the 
of orientation of the crystal planes, according 
y patterns. The crystal planes were highly 
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oriented with (110) or (100) planes parallel to the 
basis metal. The crystals within the deposits pro- 
duced without addition agents were randomly or 
lowly oriented. 

Reducing the plating temperature (from 30° to 
0°C) or reducing the a-c density on the cathode 


from 1.1 to less than 0.5 amp/dm? (10 to < 5° 


amp/ft?)| caused grain refinement and high stress in 
the plate, as are illustrated in Fig. 5. Cracking re- 
sulted when the stress was excessive. 

For comparison purposes, the structure of a de- 
posit produced without bath agitation to produce 
good toluene dispersion is shown in Fig. 6. 


Addition Agents 


Nine addition ageats, besides methyl t-butyl ether, 
caused an improvement in the outer surface smooth- 
ness of thick aluminum electrodeposits. In general, 
aromatic ethers were equally as effective as the alkyl 
ethers. Besides the ethers, certain substituted phenyl 
amines and chlorinated alkyl hydrocarbons were ef- 
fective. Alkyl aldehydes were very good smoothen- 
ing agents, but caused such a high stress that the 
deposits were cracked. The most effective hardeners 
were methyl /-butyl ether and dimethylaniline. 

DISCUSSION OF THE RESULTS 

A few years ago, aluminum electroplates 0.05 mm 
(0.002 in.) thick were considered to be the maximum 
obtainable. Thicker deposits became powdery and 
spongy. Thick electrodeposits with improved physi- 
cal properties can be obtained now by a method 
believed to have opened the door for commercial 
applications of electrodepositing aluminum. 

Aluminum waveguides were made for the first time 
by the procedure described herein. Other procedures 
may be developed in the near future, now that such 
an accomplishment has been shown to be technically 
possible. The results of this investigation are believed 
to be sufficiently encouraging for ultimate large- 
scale use of aluminum electrodeposition. 

Further investigation is recommended on the elec- 
trodeposition of aluminum as a protective coating 
against corrosion. Commercial-grade chemicals have 
been used to secure good electrodeposits, but more 
information is needed to define the cost picture for 
electrodepositing aluminum. 
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The Effect of Indium Sulfate in Chromium Plating Baths 


NorMAN HACKERMAN AND TYLEEN JENSEN? 


Department of Chemistry, University of Teras, Austin, Texas 


ABSTRACT 


Addition of indium sulfate to the regular 100 to 1 chromium plating bath permitted the 
formation of a bright electrodeposit at 32°C at current densities considerably above the 
accepted bright plating range. The deposit was more nearly crack-free than that usually 
formed and it was a better protective coating according to a salt drop test. It was more 
adherent both to steel and to copper than deposits formed from the regular bath in the 
bright range. Indium was present in the deposit to only a very small amount, if at all. 


INTRODUCTION 

In the course of an investigation (1) of vapor- 
deposited metal films, chromium and indium were 
evaporated simultaneously and the resulting metal 
film appeared to be free of a crack system up to 200X 
magnification. This was of interest because evapo- 
rated chromium films of the same thickness, about 
lu, showed a crack network typical of that seen in 
electrodeposited chromium. On the basis that nuclea- 
tion and growth of nuclei in vapor deposition and in 
electrodeposition are similar processes, it was thought 
that an electroplate formed by codeposition of chro- 
mium and indium would be of interest. The subse- 
quent research proved the premise to be false, but 
the properties of the electroplate produced were such 
as to warrant reporting. 

As an aside, vapor deposition experiments with 
chromium alone gave some information bearing on 
Snavely’s hypothesis (2) of the cause of the crack 
system. He suggested that face-centered or hexagonal 
chromium hydrides deposit and in time change to 
body-centered chromium and hydrogen. The change 
is accompanied by decrease in solid volume and for- 
mation of cracks. These fill with “cathode film” com- 
posed of partially reduced chromium-VI. 

Evaporated chromium films were formed by pass- 
ing current through a tungsten filament, electro- 
plated with chromium, in a closed system at 10~-*° mm 
Hg. On heating initially, there was a large increase 
in pressure indicating release of residual hydrogen 
from the electroplate. Pumping was continued until 
there was no longer any indication of freed gas. 
The chromium was then vaporized and condensed on 
any suitable support. 

The resulting chromium film had a typical crack 
system in spite of the fact that the hydrogen had 
been driven off. Snavely’s suggested mechanism 
seems to be adequately supported by the evidence 

' Manuscript received February 20, 1951. This paper pre- 
pared for delivery before the Buffalo Meeting, October 11 
to 13, 1950. 

? Present address: Shell Oil Company, Houston, Texas. 
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he presented (2) but it apparently does not supply a 
complete answer. Perhaps oxygen is involved since 
there was enough, even at the low pressure, to con- 
vert an appreciable amount of chromium to one of 
its oxide forms. 


EXPERIMENTAL PLATING BATHS AND CONDITIONS 


All of the plating baths used contained 250 g/1 oi 
CrO; and 2.5 g/l of HeSO,. The several variations in 
composition or conditions are given in Table I. 

The variations provided for comparison between 
the ordinary system (1), the same at lower tempera- 
ture (II), the usual plating bath at the lower tem- 
perature but in the bright plating range (III), « 
bath containing indium-IIT and a chromate to sulfate 
ratio of 10.9 to 1 (IV), a bath containing an equiva- 
lent amount of indium but a ratio of 100 to 1 (V), 
and baths with a ratio of 10.9 to 1 but with no indium 
(VI). 

The conditions for comparison are based on an 
investigation of the bath containing indium sulfate 
at concentrations between 8.0 and 38.7 g/l and at 
current densities between 6.2 and 17.9 amp/dm*. 0! 
the plates produced from this modified bath thos 
formed at the conditions given in Table I were found 
to have the most desirable characteristics. 

All chemicals used were of C.P. grade or better 
The indium sulfate was prepared here by dissolving 
99.9 per cent metallic indium in hot concentrated 
H.SOx, evaporating to dryness to remove excess aci, 
recrystallizing, and drying. To check whether the 
method of preparation had a significant effect, the 
salt was also prepared by crystallizing from the hot 
acid solution, centrifuging and washing with glacial 
acetic acid several times, and then drying at 250°C 
for 4 hours. Both preparations gave the same results. 
The oxide was prepared from the sulfate by precip 
tation with NaOH, filtering, washing thoroughly, and 
drying. 

The anodes were of sheet lead and the cathodes 
were 3.9 x 2.5 x 0.10 em coupons of copper or mild 
steel. The cathodes were prepared by rubbing wit! 
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(50-grit earborundum, washing with an abrasive 
soap, rinsing with water, and etching with dilute 
iiNO, (for copper) or dilute HCl (for steel). Two 
anodes were used in each bath in order to plate both 
sides of the cathode simultaneously. The electrodes 
were suspended from lacquered wooden covers into 
250-ml beakers. To be sure that the bath spray did 
not extract any material from the covers which might 
affect the electroplate, several covers were leached 
in the regular plating solution for several hours at 
about 60°C and the solution was then used for plating 
by each of the six systems. No effect was observed 
in any case. 

Current was supplied by a d-c generator or by 
two 8-volt lead batteries in series. The latter were 
floated on a copper oxide rectifier working off the 
60 cycle, 110 volt a-c house line. The output current 
was checxed to be sure that it was free of interruption 
or of any a-c component. The current for the first 5 
seconds of operation was about 1 amp in excess cf 
that used during the course of the run. The circuit 


TABLE I 


Caeeent Temper- oF 
density : . Additions g/1 
amp/dm? ature '( 

I 16 15 

I] 14 32 
III 1 32 

IV 14 32 In.(SO,)3, 38.7 

V 14 2 InsO;, 20.8 

VI 14 32 NaeSO,, 31.9; or 


H.SO,, 22.0; or 
Fes(SO,);, 29.9 


was always closed by immersing the electrode as- 
sembly into the solution. If these two precautions 
were not taken, the centers of the cathodes did not 
plate and in some instances corroded through. 

The plating baths were placed in a water thermo- 
stat maintained at 30° + 0.5°C. The temperature 
of the plating solution rose to 32°C after about five 
minutes of operation and thereafter remained at that 
temperature. The bath pH, originally about 0.1, 
hever exceeded 0.3 even after extensive use. Plating 
time was 12 hours in all cases. The solutions were 
not stirred. Plating baths were replenished periodi- 
cally with particular attention being paid to the 
chromate content and pH, since indium depletion 
by plating was not a major factor. 

‘he electroplates obtained from systems IV and 
vere analyzed by gravimetric, titrimetric, colori- 
meiric, and polarographic methods, but none pro- 


\ 


' an accurate determination for indium content. 

ion spectrographs showed the chromium lines 
\ bright one at 3251.6 A. This is the position 
brightest line of indium but the next brightest 
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lines, at 3039.4 and 3258.6 A, were obscured. The 
analytical difficulties were undoubtedly caused by 
the large chromium content. Although an exact value 
cannot be given for indium content, it is possible 
to state that there was definitely less than 1 per cent 
in any of the plates and probably very much less. 
RESULTS 

The current efficiency of system IV was of the 
order of 10 per cent on a weight basis. The electro- 
plates were generally uniform in cross section except 


(a) 





(0) 





Fic. 1. Chromium electroplate at 200K. (a) From 
system IV (see Table I), (6) from system V. 


at the very edges and were always of a thickness of 
0.003 cm or more. The deposits obtained from this 
system were superior in several ways to those ob- 
tained by the others listed above. They were visibly 
brighter and microscopically smoother; as removed 
from the bath, they showed only a few fine cracks® 
at the most; they were more adherent to both copper 
and steel; and they provided better protective coat- 
ings. A typical electrodeposit of this system is shown 
in Fig. la, and one typical of system V in Fig. 1b. 
These should be compared to a system I deposit, 
such as the unsplit portions of Fig. 4a which also 
depict the appearance of a system IIT plate quite 
well. All are at 200 magnification. 

’ These became slightly more apparent with age, e.g., 
after several weeks. 
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Anodic treatment in the plating bath for 5 minutes 
at 14 amp/dm? did not develop a crack system in 
the system IV deposits, but did deepen and broaden 
those formed from the regular baths. It was possible 
to develop slight cracks on system IV electroplates 
by anodic treatment for 5 minutes in 0.1N H.SO, at 
the same current density. All electrodeposits pro- 
duced were made the cathode in an acid copper sul- 
fate plating bath and copper plated at the standard 
plating conditions (system I). Copper deposited 
along and in the crack systems where these existed 
originally or were developed. Specifically, fine lines 





Fig. 2. System IV chromium plate on steel after 24-hour 
exposure to drop of 5N NaCl. 200x. 


Fic. 3. Plated copper coupons bent around a 7 mm rod 
Left—from system I, right—from system IV. 1.5x. 


of copper were deposited on all the chromium plates 
except those of system IV and the copper could not 
be removed by vigorous wiping. On system IV de- 
posits, occasional pinpoints of copper could be seen, 
but these were removable simply by blowing them 
off. Copper which deposited adhered well only on 
the system IV deposits anodically treated in sulfuric 
acid. Even here there was only little continuity in 
the copper lines. 

Occasionally, pores, such as those in Fig. 4b, were 
visible at 200 magnification but the coatings 
showed good protective character. These were tested 
by putting drops of 5N NaCl on the surfaces of the 
plated steel specimens. These were allowed to stand 





February 1952 


for 24 hours in a closed container over 5N ‘Nat'l, 
the latter to prevent evaporation. The only notice- 
able effect on system IV deposits was slight pitting 
of the chromium, an observation reported previously 
for stripped, electrodeposited chromium (3). In gen- 
eral, the effect was much less than that pictured in 
Fig. 2, that area being by far the worst seen. Wieh 
all other electroplates red rust appeared as a ridge 
all along the crack system. 

Reflection electron-diffraction patterns of the sys- 
tem IV deposits gave a diffuse background with 


(a) 







re 
Fic. 4. Photomicrographs of the bends in Fig. 3 at 200X 
(a) From system I, (b) from system IV. 


only one or two broad lines which were difficult to 
distinguish. Patterns for other electroplates wer 
quite sharp and indicated the presence of well-defined 
and oriented crystallites. (Fig. 3a of Ref. 4 shows 
such a pattern.) Thus it may be concluded that thr 
grain size of system IV electroplates is very small 

The system IV deposits adhered to the basis metal 
better than did those formed with the other systems 
A comparative measure of adherence was obtained 
by bending the plated copper cathodes around 
7-mm diameter rod. The system IV deposits showed 
a few small cracks after bending through 180°. ‘The 
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copper base was not visible through these cracks nor 
was there any evidence that the deposit had sepa- 
rated from the basis metal. Electroplates from sys- 
tems I, III, and V began to splinter and break off 
when the bend reached an angle of about 45°. Fig. 3 
shows typical results. Deposits from systems II and 
\| splintered badly and separated from the copper 
when bent only very slightly. Photomicrographs of 
the bent areas of Fig. 3 are shown in Fig. 4. All of the 
samples chosen for this test were of approximately 
the same thickness, 0.003 cm. 


DISCUSSION 


The chromium electroplates described are not rev- 
olutionary in nature since smooth, bright plates have 
been prepared before. Also, essentially crack-free 
chromium deposits are described by Dubpernell (5), 
and others. Improvement in adhesion by addition 
of te:valent cations to the plating bath has been 
claimed (6). The interesting thing here is that the 
sulfate of a cation which exists only in the triposi- 
tive oxidation state exerts what appears to be a 
profound influence on the character of the electro- 
deposited metal. 

Experimental evidence is not yet available to ac- 
count adequately for a mechanism by which the 
apparently desirable properties of system IV de- 
posits occur. The plating conditions were such as to 
expect dull plate, for example at 32°C the current 
density was far above the accepted bright plating 
range. The low CrO;/H.SO, ratio could not account 
for the properties, since addition of other sulfates 
to give the same ratio gave rough deposits. The 
indium-IIIT ion alone does not appear to be the 
causative agent since the system V electroplates were 
dull and showed an extensive crack system. The sys- 
tem IV deposits were sufficiently thick so that cracks 
should have been as profuse as on plates from the 
regular plating baths. 

Several possibilities to explain the effect of the 
indium sulfate addition were considered. One was 
that indium plated out of the bath first, but tests on 
thin deposits gave no evidence that this was so. An- 
other was the possibility of an intermetallic com- 
pound, but this was not supported by the present 
work or the literature. A third was that the presence 
of indium prevented hydride formation, but this was 
followed without affirmative results. Then, the fine- 
grained metal led to the speculation that hydrated 
indium oxide, formed in the relatively alkaline cath- 
ode film, retarded grain growth. However, this was 
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contrary to the findings that indium oxide additions 
were not effective. Moreover, there is no good reason 
to believe that this material should act differently 
than other tervalent oxides, e.g., chromium or iron. 
The same considerations apply to the possibility that 
In*** acts as a “getter” for hydroxyl ions, that is, as 
a solid buffer. 

There is the possibility that the indium ion acts 
as a regulator of sulfate ion activity which adsorbs 
on the cathode in competition with chromate ion (7). 
Since the ‘latter is reduced directly (8), it suggests 
that indium ion acts as an internal regulator if the 
CrO;/H.SO, ratio is not too large. This is supported 
by the fact that, with indium sulfate concentrations 
from 10 to 17 g/l, there was a constant optimum 
current density (12.8 amp/dm?) with continually 
improving plate properties at the higher concentra- 
tions. This indicates that current is the controlling 
factor up to some concentration at which point the 
indium sulfate concentration becomes controlling. 


SUMMARY 


Adherent, bright, protective chromium plate in 
thicknesses in excess of 0.003 cm was formed on steel 
or on copper by plating from a regular chromium 
plating bath to which was added 38.7 g/1 of Ine(SO4)s. 
The conditions were: 32°C, 14 amp/dm’, no stirring. 
The current efficiency by weight increase was about 
10 per cent. At the most, only a few fine cracks 
were seen at 200X magnification and the plate was 
not nearly as rough as the usual chromium plate. 
A satisfactory explanation for the effect of the addi- 
tive is not yet available. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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ABSTRACT 


It has been shown that under comparable conditions the use of the Haring cell and the 
mercury reference electrode leads to similar values of the cathode polarization poten- 
tial. These two methods have been used to study the variation with current density 
and with concentration of the total cathode polarization, concentration polarization 
potential, and activation overpotential of copper cathodes in copper sulfate-sulfuric 
acid solutions prepared by the method developed earlier (1). Even under rigidly con- 
trolled conditions of preparation there appears to be a certain instability of solutions 
containing high concentrations of copper sulfate, as is manifested by variations in the 
polarization potential on repeated electrolysis of the solution. The variation of the 
polarization potentials with current density is discussed in relation to theory. 


INTRODUCTION solutions are used. In view of these circumstances, 
and of the fact that both methods have been used 
frequently in previous investigations of the cathode 
polarization potential of copper, it was desirable to 
make a critical comparison of the two methods. 


A knowledge of the effects of the copper sulfate 
and sulfuric acid concentrations, and hence of 
changes in the cupric ion activity, on the cathode 
polarization potential of copper was a necessary 
preliminary to the study of the effects of addition EXPERIMENTAL RESULTS 
agents on electrodeposition baths of this type. Pre- 
vious studies in this direction have been directed 
principally toward a consideration of the energy 
efficiency of copper-refining cells, and, in view of 
the changes in the characteristics of acid copper 
sulfate solutions during storage and during use (1), 
are somewhat difficult to interpret. It was therefore 
decided to reinvestigate the whole problem and to 
determine the separate contributions of the con- 
centration polarization and activation overpoten- 
tial under standard conditions for a wide range of 
bath compositions and current density. 

This study involved measurements with both un- 
stirred and stirred solutions. Of the possible methods 
for determining the polarization potential with 
stirred solutions, that of adapting the Haring cell 
technique, so that the solution could be agitated 
without interfering with the polarization measure- 
ments, was found to be difficult, and hence it was 
necessary to use the mercury reference electrode 
method for this purpose. On the other hand, for the 
reasons discussed earlier (1), the Haring cell yields 
results which have more significance when unstirred 


Comparison of Results with the Haring Cell and Mer- 
cury Electrode 


In order to obtain identical experimental con- 
ditions, simultaneous measurements were made by 
the two methods, using the Haring cell with the 
capillary of the half-cell at the center of the cathode 
By using a very thin-walled capillary tube, the 
increase in the resistance of the cathode compart- 
ment due to its presence affected the apparent polar- 
ization potential, as determined by the Haring cell 
method, by only 1 mv. In making measurements 
with the half-cells the static equilibrium potential 
was determined prior to applying the current, and 
this value was subtracted from the dynamic value 
to obtain the polarization potential. All measure- 
ments were made at 25°C. 

Studies were made with the ‘“‘standard”’ electro- 
lyte (125 g/l CuSO,-5H,0, 50 g/l H.SO,) in the 
stable form (Syien), which yielded fine copper de- 
posits and a constant state polarization potential 
(C.S.P.) value of 100-105 mv at 2 amp/dm?, and 
the solution (Syo.) of the same composition which 
gave a coarse deposit and a C.S.P. value of rout 
! Manuscript received August 8, 1950. 50 mv. As indicated earlier (1), Spigh and Spow differ 
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only in that the former is freshly prepared under 
rigidly controlled conditions, while S;ow is the same 
solution which has been allowed to stand at room 
temperature for some weeks. As the properties of 
Sow can be simulated by the addition of small 
am ints of other sulfur compounds to Syicn the 
differences in properties are attributed to the spon- 
taneous formation of traces of other compounds in 
the solution on keeping. 

The results obtained with the calomel and mer- 
curous sulfate electrodes when Method a (described 
on page 198 of Ref. 1) was used are shown in Table I. 
Of particular interest is the fact that, for Spien, 
measurements with the half-cell show little varia- 
tion of the polarization potential with time; this 
would appear to justify the neglect of the time 
factor by many workers in this field. With Syo. 


TABLE I. Comparison of Haring cell with mercurous 
chloride and mercurous sulfate electrode 


Method 1 Method 2 
Time Polarization potential (mv Bi omer na 
mm 
“High |= "High | "High | “Low Low High 
A B Cc A B c 
0 108 126 108 57 SS 110 
l 106 120 113 103 105 119 
2 102 113 111 S7 110 111 
1 105 109 101 54 72 106 
i) 110 113 97 17 61 104 
13 111 11] 97 45 53 104 
21 112 111 Ow 51 60 104 
26 111 107 OG 5l 59 102 
39 111 104 %6 51 59 102 
18 111 102 96 51 57 102 


A—Calomel electrode, B 
sulfate electrode. 


Haring cell, C—mercurcus 


however, both methods show a pronounced decrease 
of this potential with time. In general, the constant 
state polarization results obtained for Syien with 
the calomel electrode were higher and not so re- 
producible as those obtained with the Haring cell. 
On the other hand, although the initial values ob- 
tained with the Haring cell and the mercurous sulfate 
electrode differed, the final C.S.P. values agreed 
reasonably well. 

This finding was confirmed by the results obtained 
with the mereurous sulfate electrode using Method 
b, where the agreement with the values yielded by 
the Haring cell is very close, further confirmation 
being obtained of the value 100-105 mv for the 
C.S.P. value of Sign under standard conditions. 


‘‘athode Polarization-Current Density Curves 


shape of a cathode polarization-current den- 
\lirve throws considerable light on the nature 


eit 
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of the electrode processes involved, and this method 
has been used by several investigators when study- 
ing the electrodeposition of metals. Gauvin and 
Winkler (2) found that, in the case of copper, con- 
sistent results could be obtained by making measure- 
ments of the cathode polarization potential at vari- 
ous current densities during deposition on a C.S.P. 
base produced under standard conditions. 

Applying their technique, a current density of 
0.02 amp/dm? was maintained for 5 min before the 
polarization value was measured. The current density 


TABLE II. Cathode polarization (n)—current density curves, 
obtained with C.S.P. bases produced at 2 amp/dm? in 


~ 


solution 05M in H.»SO, and 0.4M in CuSO, 


. mv) as me¢ rec 
mv) as measured by Haring cell as measured 


by 
Current ; 
density | Ett | poe | csi | trteaiy | Haring | Mepurou 
dm?- 10? M B) 2 (B) (cat bode me ¥ ‘ elec pete 
B) 
la 1b 2 3 4 5 6 
20 26 21 16 16 19 12 16 
40 35 35 34 29 30 30 35 
60 $7 49 51 44 45 47 53 
SO 616! 62 65 61 60 62 68 
100 7} 70 73 74 71 72 79 
120 79 79 79 SO 79 SO SS 
140 §2 85 85 S4 85 86 95 
160 82 S9 SY SY 90 OO 101 
180 96 93 O4 93 94 94 109 
200 100 97 9S 9S 99 103 115 
220 102 +100 Q9 
240 107-108 103 
260 113° 109 109 
280 119 | 117 114 
300 127 | 126 123 
320 138 135 132 
340 149 150 145 
360 165 165 160 
380 186 1S6 180 
400 218 | 222 | 210 


(A) Potential (mv) at beginning of interval. 
(B) Potential (mv) at end of interval. 


was then increased in steps of 0.02 amp/dm?, 5 min 
being allowed at each stage before making the meas- 
urement, up to a maximum current density of 4.0 
amp/dm*. The results are shown in Table IT, col- 
umns 1 and 2. The values observed at 0.02 amp/dm? 
were usually more divergent than for higher current 
density owing to the influence of the base structure. 
This will be discussed fully in a later communication. 
Only slight variations in the polarization between the 
beginning and the end of the 5-min intervals were 
observed (column la and 1b). The results with acid- 
etched cathodes (column 3) are in accord with those 
for electrolytically polished cathodes (column 4); 
other bases were found to give less reproducible re- 
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sults and hence the former methods were used in all 
subsequent work. 

Simultaneous determinations of the polarization- 
current curve with the Haring cell and mercurous 
sulfate electrode (Table II, columns 5 and 6) in- 
dicated that the former gave the more consistent 
results and was therefore used for all subsequent 
I — » curves. 


Measurement of Concentration Polarization (n.) and 
Activation Overpotential (nq) 

Of the possible methods for making polarization 
measurements with stirred solutions, that of adapt- 
TABLE IIL. Concentration polarization at various 
current densities 


“Continuous stirring” “Intermittent stirring”’ 


method method 
Current 
density Cathode Cathode 
amp polarization polarization 
dm?- 10? ne by ne by 
Sclution Sidesten difference Solution Solution difference 
stirred | Stirred stirred | Stirred 
my mi m: | mo m: mo 
1 2 3 | 4 5 6 
20 377 | 383 —6 | 386 | 385 1 
10) 386 101 —15 400 397 3 
60 398 417 —19 416 411 5 
80 410 $27 —17 431 425 6 
100 $21 433 —12 444 434 10 
120 432 439 —7 449 437 12 
140 441 443 —2 | 453 439 14 
160 449 447 2 | 459 443 16 
180 157 451 6 465 447 18 
200 165 154 1] 472 452 20 
220 171 157 14 479 455 24 
240 480 459 21 486 458 28 
260 187 462 25 492 162 30 
280 495 464 31 500 165 35 
300 501 166 35 50S 466 42 
320 510 167 43 515 167 48 
340 519 169 50 | 521 169 52 
360 531 169 62 437 $72 65 
380 550 470 SO 559 174 85 
100 578 170 108 593 171 122 


ing the Haring cell so that the solution could be 
stirred without interfering with the polarization 
measurements was found to be difficult. The intro- 
duction of a stirrer into the cathode compartment 
increased the resistance of this compartment ap- 
preciably, giving an increased apparent polariza- 
tion, and attempts to correc¢ for this increase were 
found to be unsatisfactory. Hence it was necessary 
to use the half-cell for the determination of n, and ,. 

Although measurements with the half-cell and 
stirred solutions gave consistent values of 4, it was 
found to be unsatisfactory to subtract these values 
from 7, obtained with the half-cell in an unstirred 
solution under otherwise identical conditions, to 
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obtain 7.. Thus, for instance, at low current densities 
negative values of n, were obtained by this method 
of subtracting two results obtained by independent 
measurements (Table III, columns 1, 2, and 3). 
A procedure involving intermittent stirring was 
therefore used in which 7. was obtained directly by 
two consecutive measurements. Beginning at 0.02 
amp/dm* the current was applied for 5 min without 
stirring the solution, and the polarization value was 
measured. The stirrer was then started and the 
polarization potential read again as soon as this 
became constant. Agitation was then stopped, the 
current density increased to 0.04 amp/dm?, and the 
procedure repeated. Stirring for 1-5 sec was usually 
sufficient for a steady value of the polarization to be 


TABLE IV. Effect of copper sulfate and sulfuric acid 
concentration on the C.S.P. potential 


No. | shiter | g/liter | 7 | sepeae | torent “ae 
7m (mr) mn (mt 7” (mp) m (mt 

l 0 125 22 22 

2 25 125 70 68 69 

3 50 125 96 101 : 

4 50 125 4 101 105 105 

5 100 125 108 110 

6 100 125 105 114 

7 100 125 112 113 

8 200 125 120 136 144 145 

9 200 125 120 137 

10 50 250 64(C) 55(C) 83(F) 86(F) 

11 50 250 66(C) 71(C) 77 78(SC 

12 100 250 48(C) 100(F) 

13 100 250 90 OS 

14 100 250 59 108 

15 100 250 SS 96 

16 150 250 67 85 oO 


F—Fine, C—coarse, SC—semicoarse (homogeneous 


structure intermediate between fine and coarse). 


obtained at low current density, but at 3-4 amp /dm 
stirring for about 30 sec was necessary for this 
purpose. The difference between the potentials with 
the solution stirred and unstirred gave n, (Table Ill, 
columns 4, 5, and 6). In all cases the speed of the 
stirrer was so adjusted that if increased further |! 
produced no significant difference in the results. 


The Effects of Copper Sulfate and Sulfuric Aci 
C'oncentrations—C S.P. Determinations 


These were carried out under the standard con- 
ditions using electrolytically polished cathodes and 
solutions prepared by the technique described earlie! 
(1). The same solutions were each re-used repeatedly 
with fresh cathodes to test whether this caused any 
change in the C.S.P. value. The results are shown i! 
Table IV. With a solution containing 125 ¢'! 
CuS0O,-5H.O and no added acid, the C.S.P. valu 
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was comparatively small; the deposit was very 
coarsely erystalline resembling that from S,., the 
preferential growth of the crystals being parallel to 
the face of the cathode. Addition of acid caused an 
appreciable increase in polarization, but a change 
from 25 to 200 g/l of H»SO, caused only a relatively 
smaller further increase. With 125 g/l CuSO,-5H.O 
all the deposits formed from solutions containing 
added acid were finely crystalline. 

The results in Table IV show that, in spite of the 
precautions taken, there is still a certain element of 
uncertainty in the values obtained, as different 
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Fic. 1. Cathode polarization potential-current density 
curves for solutions of various concentrations. 
I 0.5M CuSO, 
[I 1.0M CuS0,; 0.5M H.SO, 
lil 1.0M CuS0,; 1.0M H.SO, 
IV 10M CuS0,; 1.5M H.SO, 
V 0.5M CuS0O,; 0.5M H,SO, (‘‘standard”’ solution) 
; VI Derived curve for standard solution 
. VII 0.5M CuS0O,; 1.0M H.SO, 
VILL O.5M CuSO,; 1.5M H.SO, 
1\ vU.5M CuSO,; 2.0M HSO, 
é X 0.25M CuS0,: 0.5M HeSO, 


results are obtained after previous electrolysis. This 
again is comparable to the “aging” required to 
produce optimum results in commercial plating 
baths. The standard solution (125 g/l CuSO,; 50 
g | H.SO,4) shows this effect least of all and was thus 
selected for further studies in preference to the other 
compositions. It might be supposed that this effect 
again could be explained on the basis of enrichment 
ol the electrolyte in cuprous ion as electrolysis 
proceeds, but equilibrating the electrolytes prior to 


electrolysis by shaking with copper powder was 
Without effect. It ean be seen that not only are the 
Pol: ization values increased on re-using the solu- 
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tions, but the crystal structure changes also from 
coarse to fine. The semicoarse structure referred to 
in the fourth repeat usage of No. 11 solution is of 
interest in probably representing the actual transi- 
tion stage from coarse to fine. 


Polarization-Current Curves 


Polarization curves for solutions containing various 
concentrations of copper sulfate and sulfuric acid, 
prepared under standard conditions, are shown in 
Fig. 1. For the electrolyte containing 125 g/1 of 
CuSO,:5H.O and no H.SO, (curve I) the low con- 
stant value of 7 seems to be associated with crystal 
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Fic. 2. Concentration polarization potential-current 
density curves. 

I 1.0M CuS0,; 0.5M H.SO, 

II 1.0M CuS0O,; 1.0M H.SO, 

IIl 0.5M CuS0O,; 0.5M H.SO, 

IV 0.5M CuS0O,; 1.0M H:SO, 

V 0.5M CuS0,; 1.5M H.SO, 

VI 0.25M CuS0O,; 0.5M H.SO, 


development parallel with the surface of the cathode 
base, the deposit being particularly coarse. 

Similar curves are obtained with higher concen- 
trations of copper sulfate in the presence of added 
acid; the copper ion concentration appears to be 
sufficient to permit it to diffuse rapidly into the 
cathode film and thereby prevent excessive polariza- 
tion due to concentration changes. This is confirmed 
by the concentration polarization-current curves 
(Fig. 2, curves I and II) which show that, with 250 
g/l CuSO,-5H.O, n. does not exceed 20 mv at 4 
amp/dm?; in fact with high copper sulfate concen- 
trations, both », and 7, are low. 

With 125 g/l CuSO,-5H.O and 50 or 75 g/l] 











































ae seer Sree rt 
A A 












H.SO, there is a pronounced tendency for the total 
polarization-current curve to rise at high current 
density. This trend is reduced in the activation 
polarization-current curves (Fig. 3), indicating that 
for these electrolytes at high current density, the 
polarization is due largely to concentration changes. 









DIscUSSION AND INTERPRETATION OF RESULTS 





Whatever is the nature of the ionic reactions at 





the cathode, i.e., whether it is the cupric or cuprous 
ions or both which participate in the electrode proc- 
ess, it is evident that the curves for », and »,, 
and hence the curve for 7, should be capable of 
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ria. 3. Aectivatien overpotential-current density cur ves 
I 1.0M CuS0,;0.5M H.SO, 
If 0.5M CuS0O,; 0.5M H.SO, 
Ill 0.5M CuS0O,; 1.0M H.SO, 
IV 0.5M CuS0,; 1.5M H.SO, 
V 025M CuS0O,; 0.5M H.SO, 
VI 0.125M CuS0,; 0.5M HeSO, 











interpretation on the basis of the activities of the 
ions concerned. These will depend upon both the 
copper sulfate and sulfuric acid concentrations. 

At low current density », is relatively small and 
the form of the total polarization-current curve will 
depend upon whether crystal growth or nucleus 
formation is the more favored process. The former 
will be aided by high copper ion activity, ie., 
high copper sulfate and low sulfuric acid concentra- 
tion. At higher current density, 9 will be determined 
largely by ».. These generalizations have been 
substantiated experimentally. 

Concentration polarization.—Concentration polar- 
ization has been treated theoretically by Agar and 











68 JOURNAL OF THE ELECTROCHEMICAL SOCIETY February 1:52 





Bowden (3) in connection with hydrogen discha ge 
and by Glasstone and Hickling (4) in respect. to 
oxidation-reduction reactions. In both these proe- 
esses, however, the cathode surface remains un- 
changed, and any attempt to apply their results js 
complicated by the fact that in the present instance 
metal deposition is occurring and the surface area. of 
the copper cathode changes continuously, so that 
the true current density is uncertain. 

From the concept of the diffusion layer and by 
application of Fick’s law of diffusion, Agar and 
Bowden deduced that in the steady state the cathode 
conditions are given by the relationship 


I/z2F = k(co — c.)/6 (I) 


where k is the diffusion coefficient (about 10 em: 
sec~*), 6 is the thickness of the diffusion layer (ap- 
proximately 0.05 em and not varying greatly with 
concentration), cy and c¢, are the concentrations 
(gram moles/cm*) in the bulk of the solution and 
at the electrode surface, respectively, of the ions to 
be discharged, J is the true current density (amp 
em?), z is the valency of the cation, and F is the 
Faraday constant. At the “‘limiting current density” 
(Jo), when the rate of diffusion is no longer sufficient 
to maintain the supply of ions to be discharged, 
ce = Oand hence 


To = 2Fke,/6. (II 





With a solution containing metal and hydrogen ions 
discharge of hydrogen occurs as the limiting current 
density is reached, and this is associated with 
sharp rise in the polarization potential. From equa 
tions (I) and (IT) it follows that the concentration 
polarization at 25°C is given by 


59 e 059 
I = = logio = Ons logo (1 = l ) (III 


2 Co Zz I, 


A plot of 7, against logy (1 — 1/1») shou!d therefore 
be linear. 

Equation (IT), based purely upon diffusion, should 
be applicable to the present case, as, owing to the 
high concentration of hydrogen ions, there will be 
practically no ionic migration of cuprie ion. Sub- 
stituting the appropriate values for the electrolyte 
0.25M in copper sulfate and 0.5M in sulfuric acid, 
and taking kF/é as 20 amp/cm? we obtain 


Ty = 2-20-0.25-100/1000 = 1.0 amp/dm*. 


The polarization-current curve (Fig. 2) shows that 
for this solution (curve IV) there is a fairly ‘abrup! 
change in the slope of the curve at about 14 
amp/dm*, while for the solution of the same sul- 
furic acid concentration, but 0.5.M in copper sulfate 
(curve III), the sudden increase is less distinet bu! 
appears at about 3.2-3.6 amp/dm*. With a solutio! 
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(0M in copper sulfate and of the same acid con- 
centration a limiting current density is not apparent 
in the range of current densities studied. 

The discrepancies between the theoretical and 
observed J, values may arise either from the as- 
sumptions made regarding the activities of the ions 
or from the circumstance that the true surface are: 
is greater than the apparent value and changes as 
deposition proceeds. The latter is the more probable, 
as satisfactory results have been obtained using 
this expression in relation to the oxidation of ferrous 
ion to ferric ion in the presence of hydrochloric acid 
(4). In this case, where no metal deposition occurs 
and the cathode surface remains constant, Jo is 
proportional to the concentration. In the present 
case doubling the copper ion concentration ap- 
proximately doubles the value of J, although ac- 
curate values of the latter are difficult to obtain 
from the curves, and the J» value for the solution 
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Fic. 4. Concentration polarization 
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1.0.17 in copper sulfate would appear to be at 6.4 
amp/dm?. 

Considering the experimental difficulties and the 
assumptions made, the linearity of the plot of 7, 


against logie (1 ) (Fig. 4) is reasonably good. 


I 

I 
The slope of this line is 0.068, which would suggest 
that z in equation (II1) is approximately unity, but 
as these measurements are concerned with a dynamic 
problem very different from that involved, for in- 
stance, in hydrogen deposition or in oxidation-re- 
duction processes where no metal is deposited, it is 
lelt that no theoretical significance can be attached 
to this result. 

\fivation overpotential.—As the Tafel relationship 
») can be written in the form 


m1 = a+ biog! (V) 
of m. against logio/ should be linear, but the 


tion of this expression is subject to the same 
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limitations as in the case of n., and only the apparent 
values of J can be used. 

As this overpotential arises through the slowness 
of one of the reactions involved in the deposition 
process, it would be expected that the variation of 
na With J would be determined by the nature of the 
process controlling the rate of deposition. In studies 
of the relationship between crystal structure and 
cathode polarization Boulach (7) found that when 
n- Was eliminated by using a high speed rotating 
cylindrical cathode », varied according to the rela- 
tionship 

m 
"es = xu In (1 + AJ*) (VI) 
where / is the apparent current density, and A and 
x are empirical constants which vary with the tem- 











L og I (omp/dm x 10°) 


Fic. 5. Activation overpotential 
I 106M CuS0,;9.5M H.SO, 
Il 0.5M CuSO,; 0.5M HeSO, 
111 0.25M CuSO,; 0.5M H.SO, 


perature and composition of the electrolyte and 
with the rate of stirring. Boulach suggested that 
the polarization is due not only to a decrease in the 
activity of the copper ions in the cathode film owing 
to a decrease in their concentration, but also to a 
considerable increase in the concentration of less 
electropositive cations, particularly hydrogen ions. 
This view is in accord with the Interference Theory 
of Hunt (8), who suggested that the polarization is 
a function of the ratio of the ions to be deposited to 
the total number of cations in the cathode film. 

For large values of Al* equation (VI) becomes 

— RT RT I 
' °F ; 


In A + FP 


which corresponds with the Tafel relationship. 

For 0.25M and 0.5M CuSO, the curves of n, 
against logio/ are linear (Fig. 5, curves III and II) 
and the crystal form of the deposits obtained 





when the solution is 0.5.4 in H.SO, makes it apparent 
that this is associated with the frequent formation 
of new nuclei. Only at current densities less than 
0.6 amp/dm? is », approximately linear with / 
(Fig. 3), a condition which indicates the building up 
of existing grains (9). With a solution 1.0M in 
CuSO, and 0.5M in H.SO,, the linearity of 4, with 
log J is not quite so satisfactory and the best straight 
line through the experimental points would have a 
slope slightly different from that shown, which is 
drawn parallel to the lines for the other concen- 
trations. This may be associated with the large 
deviation of the true surface area from its apparent 
value. For 0.5. CuSO, containing no added acid 7, 
and hence »,, remains almost constant with increas- 
ing current density (Fig. 1) and, from the nature 
of the deposit, it is evident that the development of 
the individual lattice planes is unhindered. 

Derived expression for the total polarization-current 
curve.—Combination of the two relationships (V) 
and (IIT) leads to the expression 


I ; 
n = Na + "=a + b logio I + c logic (1 = 1 ° (\ II) 
0 
Introducing the values of the constants a, b, c, and 
I, derived from the separate studies of », and 7, 
we have for a solution 0.5M in CuSO, and 0.5M in 
H.SO, 
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n = —0.050 + 0.071 logy J + 0.068 log (1 - 3) 
Values of » calculated from this equation are jy 
accord with observation for a current density of 
0.2-3.0 amp/dm? (Fig. 1, curve VI). Divergences for 
the initial values at 0.2 amp/dm?* are due to the 
effect of the base on the initial layers of atoms de. 
posited, while the deviations above 3.0 amp/dm, cay 
be attributed to difficulty in obtaining accurate 
values of », and y, at such high current density. 


Any discussion of this paper will appear in a Discussio, 
Section, to be published in the December 1952 issue of thy 
JOURNAL. 
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The Effect of Chloride lons on Copper Deposition” 


W. H. Gauvin anp C. A. WINKLER 


McGill University, Montreal, Canada 


ABSTRACT 


Addition of chloride ions to an acidified copper sulfate solution had no effect on the 
electrode processes below a definite minimum concentration, corresponding to the pre- 
cipitation of cuprous chloride. The latter was adsorbed by the deposit and acted as a 
mild addition agent, decreasing the grain size with a corresponding increase in hardness 
and reflectivity of the deposit, and a small increase in polarization. Increased powder 
formation and, at high chloride concentration, formation of cuprous chloride were noted 
at the anode. The general behavior was not affected by the addition of bindarine to the 
electrolyte, but gelatin considerably increased the powder formation, the latter being 
maximal at given chloride and gelatin concentrations, and prevented the chloride from 
entering the deposit, presumably due to the forfmation of a gelatin-cuprous chloride 


complex. 


INTRODUCTION 


Addition of chlorides (NaCl or HCl) to acidified 
copper sulfate electrolytes has heen common prac- 
tice in copper refineries for many years. Indeed, 
their presence may be considered essential, since 
it keeps the silver ion concentration very low, and 
minimizes the codeposition of antimony and _bis- 
muth with copper. The chloride concentrat‘on* used 
is usually from 10 to 50 mg/I (1, 2). 

Little information is available on the effect of 
chloride ion on copper deposition. It has been re- 
ported that the presence of chloride decreases the 
grain size of the deposit (3), though this has been 
contradicted (4); while an increase in chloride ion 
concentration from 0 to 0.12 g/l has been stated to 
cause a slight decrease in cathode polarization, with- 
out change in the anode polarization (4). It has 
also been reported that addition of chloride ions to 
electrolytes containing sulfite liquor as addition agent 
prevents brittleness of the copper deposit (5). 

The most thorough investigation was published by 
Yao in 1944 (6). Working with pure acidified electro- 
lytes, in the absence of addition agents, he found that 
an increase of concentration at low chloride con- 
centrations resulted in small increases in cathode 
polarization and Vickers Hardness Number, and a 
large decrease in the grain size. At concentrations 
greater than about 15 mg/l, however, cathode polari- 
zation and hardness decreased sharply with chloride 
concentration, while an increase in grain size was 
obsr rved. 


nuseript received April 23, 1951. This paper prepared 
ivery before the Detroit Meeting, October 9 to 12, 


itribution from the Physical Chemistry Laboratory, 
University, with financial assistance from the Na 
esearch Council of Canada. 


The present study was made in view of the many 
aspects of copper deposition in the presence of chlo- 
ride that still require explanation, and in particular 
to determine the effect of chloride in the presence 
of addition agents, about which no information was 
available in the literature. 


EXPERIMENTAL 


Reagent grade copper sulfate pentahydrate, sul- 
furie acid, and sodium chloride were used through- 
out. The composition of the electrolyte was the 
same for all experiments, and consisted of 125 g/] 
of copper sulfate pentahydrate and 150 g/1 of sul- 
furic acid. Deposits were obtained on a cathode 
between two anodes of high purity at a current 
density of 2 amp/dm?. Glass battery jars were used, 
and no agitation was provided. The same precau- 
tions observed in previous studies (7-9) were again 
followed for preparing and cleaning the electrodes, 
and for drying the deposits. Chloride concentrations 
were determined potentiometrically, using a silver- 
silver chloride electrode as reference electrode. This 
method was also used in the presence of addition 
agents, since recently published results (10) con- 
firm earlier conclusions (11) and indicate that the 
accuracy of the method is little affected by proteins. 

The effects of chloride were studied with gelatin 
and with bindarine present in the electrolyte. Both 
substances aré commonly used in copper refining, 
the former as glue, the latter as a by-product of the 
sulfite pulp industry containing 50 to 60 per cent 
calcium lignosulfonate as the active material. 


RESULTS 


[In preliminary experiments, it was observed that 
addition of chloride ion as sodium chloride to the 
electrolyte had no obvious effect on deposition be- 
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low a minimum concentration, which was quite re- 
producible and amounted to 9 mg/l at 25°C and 
about 19 mg/l at 50°C. Above this minimum con- 
centration, the deposits became finer grained and 
gradually changed te a salmon pink color. Increased 
concentrations gave increased fineness to the struc- 
ture. 

Above the minimum concentration, the anode proc- 
esses were also affected. Corrosion was more ir- 
regular and pitting and irregular depressions were 
frequently observed. Differences in thickness showed 
that solution occurred mainly from the upper part 
of the anodes. A great deal of very fine copper powder 
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Fic. 1. Top: Effect of chloride concentration on the 
chloride in the deposit. Bottom: Effect of chloride concen 
tration on the cathode excess weight (A) in the absence of 
addition agent; (B) in the presence of gelatin. 


was found to accumulate directly under the latter 
at the bottom of the cells, at both 25° and 50°C. 
At still larger concentrations, less and less copper 
powder was formed, but a grayish white precipitate 
began to appear on the anodes, partially covering 
them, and slowly accumulating in the cells in the 
form of very thin flakes. Analysis showed that this 
material was cuprous chloride. At sufficiently high 
concentrations of chloride, the film completely sur- 
rounded the anodes, and increased the anode polari- 
zation severely. Analysis of the electrolyte showed 
that the chloride ion concentration became depleted 
at a fairly rapid rate especially at higher concentra- 
tions. These effects were shown to be due to chloride 
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ion rather than sodium ion by the observation ‘hat 
addition of sodium sulfate instead of sodium chloride 
had no effect on the electrode processes, even after 
prolonged electrolysis. 


Presence of Chloride in the Deposits 


Large deposits (avg wt 22.7 g) were obtained iy 
the presence of increasing amounts of chloride and 
were stripped off the cathode which had been previ. 
ously dipped in a solution of beeswax in carbon 
tetrachloride. The deposits were dissolved in 50 per 
cent nitric acid, and their chloride content deter. 
mined electrometrically with the results shown in Fig. 
1, top. 

Identical determinations when 50 mg of bindarine 
was present in the electrolyte showed that, within 
the experimental error, the amount of chloride en- 
tering the deposit was not affected by this addition 
agent. On the other hand, deposits obtained in th 
presence of 10 and 50 mg/1 of gelatin contained no 
chloride at the lower chloride concentrations, and 
only traces could be detected at chloride concentra- 
tions above 300 mg/1. 


Increase in Weight of Cathode Deposits 


The excess weights of copper deposits obtained 
in the presence of increasing amounts of chloride ions 
were determined relative to the weight of a deposi 
obtained in series under the same conditions, but 
in the absence of these ions. The results, expressed 
on the basis of the weight of the deposit in the coulom 
eter in series, are shown in curve A, Fig. 1, bottom 
for a temperature of 25°C. Addition of 50 mg/1 oi 
bindarine to the system did not in any way afiec' 
these results, but addition of 50 mg/Il of gelati 
(curve B, Fig. 1) caused no increase in the exces 
weight at low concentration and gave a sharp de- 
crease in cathode weight at concentrations abov 
100 mg/1I. 


Reflectivity and Physical Appearance of Deposits 


A previous study of the reflectivity of copper de 
posits (12) has shown that this property is ver 
sensitive to minute changes in crystal size and orien- 
tation. The change in the reflectivity of the deposi 
‘aused by an increase in the chloride content of th 
electrolyte was determined relative to a_ polished 
silver standard, with the results shown in Fig. * 
top. A definite increase in reflectivity was observed 
up to a concentration of approximately 100 mg | 
The slight decrease at higher concentrations is pro! 
ably not to be ascribed to an increase in crysts! 
size, but to an increased roughening of the surfac 
and the appearance of irregularities on the deposits 
even after a short period of deposition. 
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(ielatin increases the reflectivity of copper de- 
posits to a considerable extent (12) and addition of 
chlorides in concentrations up to 100 mg/l did not 
decrease it. At higher concentrations, however, ir- 
regularities and excrescences began to appear, which 
decreased the reflectivity. Bindarine, on the other 
hand, when present alone in an electrolyte (12) in- 
creases the reflectivity to an extent comparable with 
that for chloride in Fig. 2. No appreciable changes 
were observed when chloride was added, except that 
at high chloride concentrations, deep convection 
current lines and irregularities were again observed 
in the deposits. 
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ria. 2. Top: Effect of chloride concentration on the re- 
lleetivity of the deposit. Bottom: Effect of chloride concen- 
tration on the hardness of the deposit. 
Hardness of Deposits 
In Fig. 2, bottom, is plotted the relation between 
chloride concentration and hardness of the deposit 
as obtained with a Rockwell Hardness Tester, using 
oe 25s . . 
a s-In. penetrator and 60-kg load, due precautions 
being taken to minimize the effect of the base metal. 
he maximum effect is comparable with that when 
& the electrolyte contained 50 mg/l of bindarine alone 
: 
® wae : ‘ 
ag \S- Nockwell Number), but considerably smaller 
than that when the electrolyte contained gelatin 
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“ockwell Number of 90.5 for 20 mg/1 of gelatin). 
As h reflectivity, the hardness of deposits ob- 
in the presence of gelatin or bindarine is not 

when chlorides are added to the electrolyte. 


Cathode Polarization 


Measurements of the anode and cathode polariza- 
tions are most easily made in a Haring cell (13) with 
good accuracy and reproducibility of results, pro- 
viding the same initial surface is always used, and 
sufficient time is allowed for steady state values to 
be reached (7). Starting with an initial cathode 
surface deposited at 25°C at an apparent current 
density of 2 amp/dm?, the rate of attainment of 
steady state polarization values in the presence of 
various amounts of chloride is shown by the typical 
curves in Fig. 3. It should be noted that the values 
observed after a few minutes of electrolysis—a pro- 
cedure which was followed by Yao (6)—are con- 
siderably different from the final steady state values. 
The effect of chloride ion on the steady state cathode 
polarization is also shown in Fig. 3. 


50 6 4 é 
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Fig. 3. Left: Variation of cathode polarization with 
time, in the presence of (A) 10 mg, (B) 20 mg, (C) 40 mg, and 
(D) 100 mg per liter of chloride ion. Right: Variation of 
steady state cathode polarization with chloride ion concen 
tration. 


No effect on the polarization measured in the 
presence of 5 mg/1 of gelatin, or of 50 mg 1 bindarine, 
was observed when 100 mg 1 of chloride ion was 
added to the electrolyte. 


Anode Solution, Copper Powder, and Cuprous 
Chloride Formation 


In an effort to explain some of these results, a 
study was made of the effects of increased chloride 
concentrations on the rate of solution of the anodes, 
and on the formation of copper powder and cuprous 
chloride. The extent of solution of the anodes was 
found by direct weighing. At the end of the deposi- 
tion, the electrolyte was filtered through a tared 
sintered glass crucible, the powder and precipitate 
washed with small portions of dilute sulfurous acid, 
dried, and weighed. The total weight of copper 
powder and cuprous chloride was thus obtained. 
The cuprous chloride was then dissolved, the copper 
powder weighed, and the weight of cuprous chloride 
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obtained by difference. The extent of anode solution 
and of copper powder and cuprous chloride forma- 
tion (the latter in terms of its copper content) were 
calculated on the basis of the weight of the copper 
deposited on the cathode in the coulometer in series. 
The results are given in Table I. The peculiar be- 
havior of anode corrosion in presence of chloride ions 
has already been mentioned, but it was particularly 
unusual at 2°C, at which temperature the lower 
part of the anode was covered with a pinkish zone, 
very even and smooth, strongly reminiscent of the 
appearance of an electrodeposit, and considerably 
thicker than the rest of the electrode. 


' 
TABLE I. Copper powder and cuprous chloride formation 


Chloride ion Anode Copper CuCl 
in solution solution powder 
mg/l Te vr 


Copper in 
precipitate CuCl 


Temperature: 25°C. Current density: 2 amp/dm? 


0 100 

10 102.6 

30 102 

5O 102 
100 101.! 6 0.405 0.26 
250 102.: .22 3.07 1.97 
500 103. 16 3.78 2.43 


Temperature: 50°C. Current density: 2 amp/dm? 


102 
103 


l 0.28 
3 1.43 
103.5 1.52 
103.2 1.22 0.11 0.07 
104.0 0.34 2.20 1.41 
104.6 0.21 3.47 2.23 


Temperature: 2°C. Current density: 1 amp/dm? 


100 0.05 
100 0.04 
104.4 1.75 
104. 3.70 0.125 0.08 
102.8 0.39 3.27 2.09 


102.5 0.67 3.22 2.07 


Table I shows that, without addition of chloride 
ion, the powder formation was quite small and in- 
creased with temperature. In the presence of chloride, 
the powder formation passed through a maximum 
at a given temperature, then decreased sharply, 
while the cuprous chloride formation increased. Max- 
imum copper powder formation also seemed to de- 
crease as the temperature increased. Finally, the 
difference between the amourt of anode dissolved 
and the sum of copper going to powder and to 
cuprous chloride remained approximately constant 
at a given temperature. 

tesults obtained with increasing amounts of chlo- 
ride ions and a fixed amount of bindarine (50 mg/1) 
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indicated that, within the experimental error, the 
anode processes were not altered by the presence oj 
bindarine. In the presence of 50 mg of gelatin, Fig, 4 
shows the same trends as in the absence of additioy 
agent, with the striking exception that the copper 
powder formation was now considerably greater, re. 
presenting 33.8 per cent of the coulometer deposi 
weight for the optimum concentration of 50 mg || oj 
chloride. Keeping the chloride at the latter con. 
centration, an even greater yield amounting to 39.) 
per cent of the coulometer deposit, could be obtained 
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Fic. 4. Effect of chloride concentration on the copper 


powder and cuprous chloride formation in the presence 
gelatin. Insert: Copper powder formation in the presence 
of 50 mg/I of chloride ion and varying amounts of gelatin 


TABLE Il. Anode polarization in presence of chloride ion 


Chloride 
ions 
mg | 


Anode 


voto es de i 
Gelatin Bindarine Deposition polarizatior 


mg | mg | hr 


0 


uo-_ 


oo mo oO 


~ 


1050 


with 200 mg/1 of gelatin, as shown by the insert ! 
Fig. 4. 


Anode Polarization 


Measurements of the anode polarization showed 
that at 25°C and 2 amp/dm!, chloride ion had 1 
effect whatever until cuprous chloride formed, above 
the minimum chloride concentration required. !' 
then rose slowly, with marked irregularities whe! 
flakes of cuprous chloride became detached from the 
anode. It was observed to increase more regularly 
when a complete film of cuprous chloride surrounded! 
the anodes. Table II shows values of the anote 
polarization at different times of deposition and 10! 
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the different electrolytes. The first value, in the absence 
e of of chloride ion, is a steady state value which remains 
4 essentially constant after the first hour of deposition. 
tion The other values showed marked fluctuations as 
per deposition progressed and are given merely to indi- 
nh cate the order of magnitude. It should be mentioned 
sit that the partial passivity indicated by the high 
1 of polarization values, especially in the presence of 
con- gelatin, merely reflects the increase in_ potential 
39,5 needed to maintain a given current density with 
ined increased resistance of the cuprous chloride film. 


DISCUSSION 


Careful consideration of the mechanism of copper 
1 deposition from sulfate solutions is required before 
a satisfactory explanation for some of the results 
presented can be offered. 

If a sheet of copper is immersed in a copper sulfate 
solution, in the absence of any chlorides or addition 
agents, the following reaction will occur until equilib- 
rium prevails at the metal-solution interface: 


Cut+ + Cu @ 2Curt. (I) 


From the equilibrium constant for this reaction 
(14-16), it ean be calculated that the equilibrium 
concentration of cuprous ions in the body of a 0.5 
opp’ BE molar copper sulfate solution, such as that used in 



























an this investigation, would be close to 0.87-10~* gram 
oa ® mole | at 25°C. In the absence of the metal or of a 
suitable process to maintain the cuprous ion con- 
| centration, the latter will continuously decrease, 
a © owing to oxidation by dissolved atmospheric oxygen 
ode in acidic solutions, or through hydrolysis (17). Sim- 
i pe ilarly, it is possible to estimate (18) the equilibrium 
- concentration of cuprous ions in the anode film to 
a. be approximately 1-10-* gram mole/] and that in 
a1 4 the cathode film to be approximately 0.65-10-% 
32.3 gram mole/l under the operating conditions used. 
4.3 The fact that the cuprous ions are likely to be present 
87 .0 in the form of the complex (CuSO,)~ does not in 
” any Way alter this discussion. 

If chloride ions are now added to an equilibrium 
ert i! solution of euprie and cuprous ions still without 
electrolysis, formation of the little soluble CuCl 

proceeds according to the equation 
—_ Cut + Cl @ CuCl. (11) 
wad no Using 2.2-10-7 as the value of the solubility product 
above constant at 25°C (14), it ean be calculated that for 
ed. Ii 40.5 molar copper sulfate solution, precipitation of 
whet CuCl will commence when the concentration of chlo- 
ym the ride ion is greater than 2.5-10~4 gram mole/|, or 
ularly 8.9 mg 1. The experimental observation that dep- 
yunded osition begins to be affected by the presence of 
anod chloride ion at approximately this concentration 
nd for Rives strong reason to assume that CuCl, still in 
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colloidal form since it has had no time to grow into 
a visible precipitate, is responsible for the addition 
agent effect of chlorides. This is further supported 
by the adsorption type of curve for the chloride con- 
tent of the deposit (Fig. 1). The solubility product 
constant at 50°C could not be obtained from pub- 
lished data, but can be estimated to be 1.2-10~® 
from the minimum concentration that will affect 
deposition at this temperature. It must be par- 
ticularly noted that solution of CuCl to form the 
complex ion (CuCl)~ according to the equation 


CuCl + Cl = (CuCl,.)- (IIT) 


can occur to appreciable extent only in the presence 
of considerably larger concentration of chloride ions 
than was used in this investigation (17, 19-21). 


The Anode Processes 


So far, only equilibrium conditions in the absence 
of electrolysis have been considered. If the processes 
occurring at the anode during electrolysis in the 
absence of chloride or addition agents are now ex- 
amined, the following three reactions are possible: 


Cu — Cutt + 2e, (IV) 
Cu — Cut + e, (V) 
Cut — Cut* + ee. (VI) 


Equation (IV) predominates during anodic solution. 
Since the anode film contains cuprous ions in con- 
centration higher than in the solution, these ions 
pass by migration and diffusion across the anode 
film. Upon reaching the solution side of this layer, 
a region where the equilibrium concentration of 
cuprous ions is less, reaction (I) goes to the left, 
and metallic copper is precipitated as a very finely 
divided powder. Table I shows that, in the absence 
of chlorides, this powder formation is rather small, 
since most of the cuprous ions diffusing from the 
anode film merely serve to re-establish the cuprous 
ion concentration in the solution, which is constantly 
being depleted by oxidation and hydrolysis. It is 
interesting to note that, upon formation of metallic 
copper according to reaction (1), an equivalent 
amount of cupric ions is also formed, resulting in a 
steady increase of the cupric ion content of the solu- 
tion as electrolysis proceeds. Similarly, the acidity 
will slowly decrease with time, owing to the oxida- 
tion of cuprous ions in the solution. Since the cuprous 
ions continuously leaving the anode film must be 
replaced to maintain the equilibrium value, reaction 
(V) must also occur concurrently with (IV), and it 
is seen at once that copper, even under ideal condi- 
tions, must dissolve anodically with at least slightly 
greater than 100 per cent efficiency. 
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If now the addition of chloride ions to the solu- 
tion is considered, the free chloride migrating to the 
anode film will cause further precipitation of cuprous 
chloride. The amount of cuprous chloride formed in 
the film will be considerably larger than in the body 
of the solution and cuprous chloride will diffuse 
across the anode layer. Two possibilities must now 
be considered in turn. If the original addition of 
chloride to the solution was small, say up to about 
50 mg/l, the concentration of Cut ions in the solu- 
tion will not be appreciably decreased and will soon 
be restored to the equilibrium value. It will be possi- 
ble for the molecules of CuCl which have diffused 
away from the anode layer to dissociate back into 
chloride and cuprous ions according to equation (II), 
and the latter will, in turn, precipitate metallic 
copper since the equilibrium value for the cuprous 
ions is now exceeded. Powder formation in the pres- 
ence of chlorides will therefore follow the overall 
reaction: 


2CuCl — Cut+ + 2Cl- + Cu. (VIT) 


However, if large additions of chloride have been 
made to the solution, the concentration of free cup- 
rous ions in the solution will be drastically reduced, 
iis free chloride ion concentration will be corre- 
spondingly increased, and although the formation of 
cuprous chloride in the anode film will be higher, less 
and less of the CuCl diffusing across the anode layer 
will dissociate according to the above equation as the 
chloride content increases. Table I clearly shows that 
as the yield of copper powder decreases after pass- 
ing through a maximum, that of cuprous chloride 
increases. Anode convection currents will at first 
wash away the undissociated salt, and may even 
carry it to the cathode, where its presence may be 
responsible for the deep vertical convection lines 
which have been observed. At still higher concen- 
trations of chloride, the cuprous chloride forms a 
slowly growing film on the anode. 

The effect of chloride ions on the anode processes 
does not seem to be altered in any way when 
bindarine is added to the system, but it is strikingly 
changed when gelatin and chloride are both present. 
Whereas a maximum powder formation amounting 
to about 2 per cent of the weight of the deposit in 
the coulometer was observed at 25°C in the presence 
of chloride alone, optimum concentrations of chloride 
and gelatin increased the powder formation to 39.5 
per cent, indicating that the anode now dissolved 
largely in the cuprous form. This phenomenon can be 
explained in the light of the proposed mechanism if 
it is assumed that the effective concentration of 
cuprous chloride in the solution is radically decreased, 
allowing the dissociation of the salt formed in the 
anode film to proceed unhampered upon diffusion to 
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the solution side of the anode layer. Formation of , 
complex between cuprous chloride and gelatin ap. 
pears to be a reasonable possibility, as it has lee, 
shown to occur at least in basic media not only with 
gelatin but with other proteins as well (22-24). The 
large increase in powder formation can be explained 
by accelerated diffusion under the influence of 4 
much larger effective concentration gradient. 


The Cathode Processes 


In the absence of chlorides or addition agent, the 
three following cathode reactions are possible: 


Cut+ + 2e — Cu, (VIII 
Cut + e— Cu, (1X 
Cut* + e— Cut. (X 


Under steady state conditions in the cathode film, 
reaction (VIII) preponderates, since (IX) cannot 
occur until the potential requirements for the dep- 
osition of cuprous ions are met. If the cuprous io» 
concentration demanded by equation (1) were at all 
times maintained, reaction (VIII) would be the onl 
one to occur, and two faradays of electricity would 
convert one gram ion of cupric ions to metallic 
copper. The efficiency of deposition in this case 
would be 100 per cent. In practice, however, de- 
pletion of the cuprous ions does occur, and to restor 
the equilibrium, reaction (X) must take place to 
some extent, resulting in less than 100 per cen! 
efficiency of deposition. It can be predicted, there- 
fore, that all conditions leading to depletion of the 
cuprous ions by favoring its oxidation and hydrolysis 
such as dissolved oxygen, low acidity, high temper- 
ature, low apparent current density (or, alterna- 
tively, current densities near the critical value), wil 
decrease the cathode efficiency. Ample experiments! 
evidence has been presented to support these views 
As an example of an extreme case, it is possible 
electrolyze a strong, hot copper sulfate solution «i 
low current density with no copper whatever de- 
positing at the cathode, the whole of the curret! 
being used for the conversion of cupric to cuprows 
ions (25, 26). 

The cathode behavior will not be greatly affected 
in the presence of small additions of chloride, sinc 
no appreciable depletion of the cuprous ions in thi 
film occurs, and deposition will proceed normal} 
except for the addition agent effect resulting from 
adsorption of CuCl, with a corresponding increase ! 
weight of the deposits, as shown by the first part (! 
curve A, Fig. 1, bottom. But when the chloride 10 
concentration is high, the cuprous ions concentratio! 
will be depleted to a much greater extent, and th 
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reduction of Cu** to Cut [reaction (X)] will proceed 
to an inereasing extent, resulting in decreased dep- 
osition efficiency. The second part of curve A, Fig. 
|. bottom, occurring beyond a critical chloride ion 
concentration of between 50 and 75 mg/1, is really a 
composite curve, representing a combination of the 
increase in weight due to CuCl adsorption, and the 
decrease due to lowered deposition efficiency. 

Addition of bindarine to an electrolyte containing 
chloride ions does not in any way alter the various 
effects on the cathode process observed in the pres- 
ence of chloride alone. Cuprous chloride is still ad- 
sorbed by the deposit, and to very nearly the same 
extent. Gelatin, however, appears to prevent the ad- 
sorption of CuCl by the deposit, as shown by the 
analytical tests, and also by the first part of curve B, 
Fig. 1, bottom, which does not exhibit the regular 
increase due to adsorption in presence of ciJoride 
alone. However, the second part of this curve closely 
follows the behavior of curve A, indicating that the 
depletion of cuprous ions in the cathode film must 
again operate. These observations, of course, support 
the assumption previously made that the effective 
concentration of CuCl in the solution is considerably 
reduced by the formation of a gelatin-cuprous 
chloride complex. 

In an effort to explain the depression observed in 


Bihe polarization-chloride ion concentration curve 


(lig. 3), further experiments were made at low halide 


Bconcentrations in the presence of gelatin. Entirely 


new phenomena were encountered, discussion of 
which will be presented in a subsequent paper. 
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Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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Concentration Polarization during Copper Deposition in a 
Convection-free System” 


R. C. Turner anp C. A. WINKLER 


McGill University, Montreal, Canada 


ABSTRACT 


By using a special type Haring cell, with the cathode in a horizontal position at the 
top, concentration polarization during deposition of copper was separated from other 
types of polarization. The slopes of the polarization-time curves during most of elec- 
trolysis were greater than could be explained by what is generally considered to be 
concentration polarization, and the discrepancy is explained on the basis of the ionic 


discharge theory of polarization. 


INTRODUCTION 


Only limited attention has been given in the past 
to the electrolytic deposition of copper under con- 
ditions such that convection currents, caused by 
density differences at the cathode, were eliminated. 
Sands (13) measured polarization in such a system, 
and found that the time at which the limiting current 
was reached, when a constant current was main- 
tained, agreed with theoretical equations derived 
from the transport numbers of the ions in the electro- 
lyte and the differential equation for the rate of 
diffusion of the ions that were reduced. Ibl and 
Trumpler (7) used a layer of barium sulfate on the 
cathode, placed horizontally at the bottom of the 
cell, to prevent convection currents, and found that 
the copper deposited with the limiting current (con- 
stant potential) was mainly in the powdered form. 
They (8) found fair agreement between their ex- 
perimental results and those calculated from the- 
oretical equations. 

The equation relating concentration polarization, 
AE., with time, ¢, initial concentration, Co, and 
constant apparent current density, i, derived for 
diffusion only is (12, 13) 


RT 


op in (1 — 26Vt/2FCo VD) (I) 


where F, 7, and F are, respectively, the gas constant, 
absolute temperature, and the faraday, and D and z 
are, respectively, the diffusion coefficient and the 
valence of the ions discharged If the ions are 
brought to the cathode by diffusion and migration, 
the equation corresponding to (1) is (13): 


AE. = ——% In (1 — 2it_ Vt/FCoV ed) (I) 


' Manuscript received June 11, 1951. 

? Contribution from the Physical Chemistry Laboratory, 
McGill University, Montreal, and the Division of Chemis- 
try, Science Service, Department of Agriculture, Ottawa. 
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where ¢— is the sum of the transport numbers of all 
the ions in the diffusion layer except the copper ions. 

When +/t becomes equal to zFC> VV rD/2i in 
equation (I) or zFCy +/xD/2it— in equation (II), 
the logarithmic term in either equation approaches 
minus infinity and AF. approaches infinity. This 
time, known as the transition time, is given the 
symbol r and both of the above equations reduce to 


AE. = —0.030 log (1 — Vt//r) volts (III 


when 7 is expressed in amp/cm’*, ¢ in sec, Co in 
moles/ml, and D in em®/sec. It is further obvious 
from the above equations that for a given initial 
concentration 


ix/r = constant. (IV 


The experiments reported in this paper were made 
to determine the extent to which concentration 
polarization is responsible for the polarization meas- 
ured during copper deposition in a convection-free 
system with a constant apparent current density. 


EXPERIMENTAL : 


Equipment 

The electrolytic cell had all the features of at 
ordinary Haring cell (6), except that the anode and 
cathode were placed at the bottom and top of the 
cell, respectively. A cross-sectional diagram of the 
cell, which was cylindrical in shape with internal 
diameter of 4.1 em, is shown in Fig. 1. Three glass 
cylinders, H, were separated with ri:.zs of Lucite, 
and.a ring of Lucite fitted over each end cylinder. 
This assembly, together with the ¢-inch sheet 
metal copper anode, A, which was attached to ‘ 
Lucite block by a bolt welded to the anode and 
passing through a hole in the center of the block, 
was held together by five bolts, F. The two nol 
working electrodes, B and C, were copper scree! 
cut to fit inside the cell but with a few wires lel 
protruding between and beyond two Lucite ring 
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which served to hold the screens in place. The 
protruding wires acted as electrical connections 
with the electrodes. Before drawing the assembly 
together, the grooves in the Lucite rings into which 
the glass cylinders fitted, and the faces of the rings 
between which the wires of the screens passed, were 
softened with chloroform. The ;,-inch sheet metal 
copper cathode, D, was attached to a Lucite block 
in the same manner as the anode, and ground with 
emery on plate glass until the face was quite flat. 
The cathode and its Lucite block were. attached 
to the remainder of the cell by five short bolts, E. 
The lower end of each of the five long bolts, F, 
fitted into a hole in a rubber stopper, I, so that the 


























Fic. 1. Cross-sectional diagram of the vertical Haring 
cell. D—cathode, B and C—nonworking electrodes, A 
anode, k—five short bolts, H—glass cylinders, F—five long 
bolts, [—five rubber stoppers, G—glass tube. 


completely assembled cell rested in a vertical posi- 
tion on five rubber stoppers with the cathode at 
the top. 

The external voltage for the cell was supplied by a 
H-volt storage battery, and the electrode potentials 
were calculated from measurements made with a 
Leeds & Northrup Type K potentiometer. 


Procedure 


A solution of 125 grams of copper sulfate penta- 
hydrate and 100 grams of concentrated sulfuric acid 
per liier in redistilled water will be referred to as 
the siandard electrolyte. In a few experiments, 
Which will be indicated when the results are pre- 
sente’. this solution was diluted tenfold. 
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Different initial cathode surfaces were obtained 
by polishing with No. 4/0 emery paper, or grinding 
with 120-mesh emery powder on glass under water, 
or rubbing with No. 2 emery cloth. The surfaces 
were cleaned with benzene after preparation. Sur- 
faces were also prepared by electrodeposition of 
copper with and without simultaneous hydrogen 
evolution. 

The cell was filled before the cathode was at- 
tached. After the cathode was bolte« in place, all 
air bubbles were carefully removed through the side 
arm, G (Fig. 1), and the level of the solution in the 
side arm was brought to the level of the cathode. 
The cell was placed inside a constant temperature 
air bath on a flat piece of metal which rested on 
three wedges, and accurately leveled by adjusting 
the three wedges. The measurements of polarization 
were made in the same way as with an ordinary 
Haring cell (6). 


RESULTS 


Several experiments were made to determine 
the effect of apparent current density and tempera- 
ture on the time required to reach the point of rapid 
increase in polarization. This was done to obtain 
an indication of the validity of the theoretical equa- 
tions (given above) for the system used, and to 
determine the current density most convenient to 
use. These experiments were made with a cathode 
on Which copper had been deposited without hy- 
drogen evolution. 

Table I shows that decreasing the apparent current 
density from 11.4-10-* to 4.55-10-* amp/cm? in- 
creased the time at which the rapid increase of 
polarization occurred from just over 5 minutes to 
approximately 34 minutes. The values for the con- 
stant in equation (IV) calculated from the experi- 
mental values at the different current densities were 
26.7, 26.6, 26.7, 27.1, and 26.7 amp min’? em 
which shows the validity of this equation. 

Table II shows the increase in time required to 
reach the rapid rise in polarization, at constant 
current, as the temperature was increased from 
13.5° to 24.5°C. Since the diffusion coefficient of 
ions in solution becomes greater with increased 
temperature, these experimental results are in 
general agreement with the theoretical equations. 
The agreement between duplicate experiments, 
shown in the table, indicates the reproducibility 
that could be obtained. 

Equations (I) and (II) imply that concentration 
polarization should not be affected by the previous 
treatment of the cathode. Experiments were there- 
fore made with a number of different cathode sur- 
faces at constant apparent current density and 
temperature. The results of these experiments, pre- 
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TABLE I. Effect of apparent current density on the relation 
between time and polarization 
Standard electrolyte 
Temperature: 25°C 


Polarization —millivolt: 


amp/cm?- 108 


6.06 


SO 
85 
91 


97 


104 


112 
121 
132 
151 
189 
311 
600+ 


TABLE II. Effect of temperature on the relation between 
time and polarization 
Standard electrolyte 
Current: 6.0-10-* amp/em? 


Polarization—millivolts 


Time 
. ‘ 
min 20.0° 


115 
118 
129 
140 
155 
178 
215 


600+ 


265 
600+.) 600+ 


sented in Fig. 2, show that, although the polariza- 
tion values during most of the electrolysis varied 


greatly with the different initial surfaces, the {ime 
required to reach the rapid increase of polarizai ion 
was the same in all cases. The broken line shows 
the theoretical polarization-time curve calculated 
from equation (III) with + equal to the experimental! 
value taken from the figure. The polarization values 
in all cases were considerably higher than the 
theoretical values calculated from equation (III) 
during most of the electrolysis. 

With the surfaces prepared with emery, the 
polarization values in Fig. 2 showed a fairly sharp 
increase early in the electrolysis, after which they 
leveled off considerably until the final rapid increase 
occurred. The time of the first increase was the 
same (about 2 min) for the surfaces prepared with 
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"SURFACE 


DEPOSITED WITH Hoa 
“ WITHOUT H5 
NO.4/0 EMERY PAPER 
NO.120 EMERY POWDER 
NO.2 EMERY CLOTH 
THEORETICAL CURVE 





POLARIZATION - MV 








0 
TIME - MIN 
Fic. 2. Effect of initial surface of the cathode on polar 
zation-time curves. 


No. 4/0 emery paper and with No. 2 emery cloth, 
but for the surface prepared with 120-mesh emery 
powder this time was extended to about 4 minutes 
Experiments with cathodes prepared with 120-mesh 
emery powder, at a reduced current density 0 
6.72-10-* amp/cem? and with tenfold dilution of the 
standard electrolyte, did not show this first break 
in the polarization-time curve, even though the 
total time of electrolysis, to the final rapid increase, 
was somewhat longer than in the previous exper: 
ment (Fig. 2). It is believed, therefore, that the 
increase at about 4 minutes in Fig. 2, with the higher 
current density, was due to change in the surface 
as a result of copper deposition (4), and independen' 
of concentration changes in the electrolyte near the 
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| an effort to obtain further information about at intervals during electrolysis, and photographs 
the extent to which polarization during the early were taken of the instantaneous decay and build-up 
part of electrolysis could be accounted for by con- of polarization, as indicated by the oscilloscope 
centration polarization, an oscilloscope (DuMont, trace. Measurements were also made with the 
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Time — one large division represents 0.58 sec 


Fig 


the pot 


3. Oscilloscope photographs of initial build-up and decay of polarization. The distance from line C to line D represents 
ential difference between the nonworking electrode and the cathode while the distance from C to B represents the 
| difference between the two nonworking electrodes (see Fig. 1). The distance from B to D represents total polariza- 


d residual polarization (circuit broken) is represented by the distance from C to the short line directly below the 
break in line D 


poter t 


tion 


304 


was connected to the potentiometer circuit potentiometer at the usual intervals. Six photo- 
thr a two-way switch so that the two could be graphs, taken during one experiment, are shown in 
inte iged instantaneously. With this arrange- Fig. 3. Film 1 shows the initial build-up of polariza- 
me! 


oscilloscope was switched into the circuit tion and the decay a fraction of a second later. 
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Film 2 resulted when the circuit was broken for a 
fraction of a second following one-half minute 
of electrolysis (the line for residual polarization is 
blurred but shows the general position), and films 
3, 4, 5, and 6 were similarly produced after 5, 9, 13, 
and 16 minutes of electrolysis, respectively. The 
traces on the photographs are lettered to correspond 
to those of the cell (see Fig. 1), that is, the distance 
from D to C represents the voltage from D to C 
in the cell and the distance from B to C represents 
the voltage between the two nonworking electrodes 
B and C. The distance from C to the short line 
directly below the break in D shows the residual 
polarization after instantaneous decay, while the 
distance from B to D is the total polarization of the 
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Fia. 4. Polarization-time curves for total and residual 
polarization. 


cathode. Since the sweep time of oscilloscope was 
2.3 sec, it is obvious from the photographs that a 
large part of the polarization build-up and decay was 
almost instantaneous. 

Fig. 4 shows the residual polarization from Fig. 3 
and the total polarization, measured with the 
potentiometer, for the same experiment, plotted 
against time. The corresponding curve for an experi- 
ment exactly the same but in the absence of momen- 
tary breaks in the current, and the theoretical con- 
centration curve calculated from Equation (III) 
with r+ equal to 19.5 minutes, are included in the 
figure for comparison. From this figure it is apparent 
that the residual polarization corresponds to the 
theoretical concentration polarization from zero time 
to 16 minutes but that the slopes of the total polar- 
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ization-time curves are greater than for concentry. 
tion polarization. 

The difference between the slope of the experi. 
mentally determined polarization-time curve (tota| 
polarization) and the slope for theoretical concentrg. 
tion polarization is illustrated clearly in Fig. 5, where 
the experimental slope is the average of 12 experi. 
ments with a deposited surface. The cathode was jy 
contact with the electrolyte for periods of time vary. 
ing from 4 minutes to 3 hours, and in some of th 
experiments oxygen was removed from the electro. 
lyte before electrolysis while in others it was not. |) 
these experiments the maximum deviation from the 
average slope shown in Fig. 5 was about 5 my. 
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Fia. 5. Slope of the polarization-time curves 


DiscussION AND CONCLUSIONS 

Since the hydrogen ion has a much greater mobility 
than the copper ion, and the ratio of hydrogen to 
copper ion in the diffusion layer increases with a)- 
proach to the cathode, equation (I) should le 
superior to equation (IT) for electrolysis with the 
standard electrolyte. The diffusion coefficients, cal- 
culated from equation (1), for apparent curren! 
densities of 114-10, 7.58-10°%, 6.06-10° 
5.66-10-%, and 4.55-10-* amp/em? (Table I) were. 
respectively, 5.84-10-*, 5.75-10-*, 5.85- 1", 
5.99-10-*, and 5.83-10-* em?/see at 25°C; and for 
temperatures of 13.5°, 20.0°, and 24.5°C with 1! 
apparent current density of 6.0-10-° amp cw 
(Table II) they were, respectively, 4.12-10", 
5.00-10-*, and 5.59-10-* em?*/sec. The satisfactory 
agreement between these values of the diffusio 


coefficient at the different temperatures and thoy J 


reported in the literature (3, 10) provides justific# 
tion for using equation (IIT) to calculate the fractio 
of the total polarization caused by concentrati0! 
polarization. 

It appears that a satisfactory explanation for th 
difference between the slopes of the experiment 
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and theoretical curves in Fig. 5 can be given on the 
hasis that ionie discharge is a slow process. Accord- 
ing to this theory, the equation relating current 
density 7, with polarization AF, and initial concen- 
tration Co, is (5): 

re S (eePau/ar _ -(l-a) PAE RT) (V) 
where J» is the current flowing in each direction at 
equilibrium and @ is a constant with a value be- 
tween zero and unity. Concentrations are used here 
instead of activities since only a semiquantitative 
treatment is attempted. Equation (V) does not show 
the effect of concentration changes at the electrode 
on polarization but this can be remedied by replac- 
ing (y with C,, the concentration at the electrode 
when there is a net flow of current, in its derivation. 
When this is done equation (V) becomes 


° C,. x2FAR/RT —(l—a)zFAE/RT ° 
j= ( é —¢€ n ° (VI) 


Co 
One logarithmic form of equation (VI) is 
ee, Co. SF 


AE = ¥ na oo ¥ 


(1 rN v eamene 


In 


(VIT) 
Io 


The first term on the right hand side of equation 
(VII) is the usual expression for concentration 
polarization, on which equations (I) and (II) are 
based, while the second represents activation polar- 
ization (1, 11). Another logarithmic form of equa- 


tion (VI) is 
aT Ga: Re 
azF In ce - azF In 


t (l—a)zFAE/RT 
( t : ; ) 
Io 


The first term on the right hand side of equation 
(VIII) is the same as the usual expression for con- 
centration polarization except for a in the denom- 
inator of the coefficient of In Co/C.. Since a@ is less 
than unity, equation (VIIT) shows that the effect of 
at least part of activation polarization is to increase 
the slope of the polarization-time curve over that 
calculated for concentration polarization alone. This 
observation is in general agreement with the results 


AE = 
(VIII) 
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shown in Fig. 5. It should be noted that the inclusion 
of @ in the expression for concentration polarization 
has no effect on the transition time [see equation 
(III)]. The part of activation polarization repre- 
sented in the second term on the right hand side of 
equation (VIIT) should be practically constant, pro- 
viding the constant current 7 is considerably larger 
than J». An equation similar in most respects to (VI) 
can be derived from the quantum statistical treat- 
ment of polarization (2, 9). 

There was apparently some correlatic:: between 
the initial polarization values shown in Fig. 2 and 
the true surface area of the cathode. For instance, 
the polarization values after } minute of electrolysis 
were about the same, 63 and 64 mv, respectively, 
for the surface deposited without simultaneous 
evolution of hydrogen and that prepared with No. 2 
emery cloth; for the surface prepared with 120-mesh 
emery powder it was only 20 mv. The true surface 
areas reported by Wiebe, ef al., (14) varied from 30 
to 61 times planar for the former two kinds of sur- 
faces and fromm 163 to 287 times planar for the latter. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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The Effeets of Halides on Copper Deposition in the Presence 
of Gelatin”™’ 
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ABSTRACT 


In the electrodeposition of copper from acid copper sulfate electrolytes, the steady 
state cathode polarization was found to be independent of initial surface in the presence 
of 25 mg/! of gelatin and higher. Chloride, bromide, and iodide ions in presence of gelatin 
yielded polarization-halide concentration curves with minima, while fluoride ions had 
no effect. These minima were independent of acid concentration and shifted to higher 
halide concentrations and higher polarization with increase in current density or gelatin 
concentration. An increase in temperature shifted the minimum of the polarization-chlo 
ride coneentration curve to lower values. The general trends in polarization with changes 
in halide concentration were shown to be independent of the method of measurement 
and the geometry of the cells. Excess weights (i.e., weight of deposit in excess of that ob 
tained in a coulometer in series with pure copper sulfate electrolyte) increased to con 
stant values with increasing chloride concentration. The gelatin content of the deposits 
was constant over a large range of chloride concentrations, while the chloride content 
passed through a maximum. The various observations have been explained on the basis 
of formation of erystal imperfections on the cathode by the halides, in conjunction 
with addition agent effects of gelatin and cuprous halide. 


INTRODUCTION 


Some effects observed when chloride and gelatin 
were used together during electrodeposition of copper 
from acid copper sulfate electrolytes have been de- 
scribed in a previous paper from this laboratory (4). 
The chloride concentrations used were in excess of 
10 mg/l. When the study was extended to lower con- 
centrations of chloride, the results outlined in the 
present paper were obtained. 


EXPERIMENTAL AND RESULTS 
Cathode Polarization 


Polarization measurements were generally made in 
a Haring cell (8) which consisted of l-em thick Lucite 
sheets assembled to form a rectangular box of inner 
dimensions 15 x 2.5 x 9 em. The cathode and anode 
were copper strips 10 x 2.5 em sealed with paraffin 
wax into recesses in the Lucite ends of the cell to 
give a flush mounting. The intermediate copper 
gauze electrodes were fitted into grooves in the side 
walls. The amount of electrolyte used was always 
150 ml, which covered 10 em? of electrode area. The 
cell was immersed in a thermostat to provide tem- 
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perature control. Potential and current measure 
ments were made with a Queen potentiometer, mode 


E-3040, and a Weston milliammeter, model 45, r- 


spectively. 


Electrolytes were made with doubly-distilled 


water, and contained 125 g/1 of copper sulfate penta 


hydrate. The acid content was usually 100 ¢ sul- 


furie acid per liter. “Eimer and Amend granular 
gelatin from a single stock was used throughou! 
Halide ion was introduced as an aqueous solutio! 
of the sodium halide. 

As in previous studies (5, 6), it was found that 
the cathode polarization attained a steady stat’ 
value after one hour of deposition, such that further 
change in the polarization did not exceed 0.2 m\ 
min. For given conditions of electrolysis, the stead) 


state values showed a maximum deviation of +7 


per cent. The cathode polarizations reported for th 
Haring cell are all steady state values. 


Effect of Initial Surface 
At moderate current densities and in the absene 
of addition agents, the initial surface condition 0! 
the cathode may affect the structure of the depos 
(9) and the polarization. The significance of thi 
polarization data may therefore be obscured by thi 


effect of initial surface unless reproducible init! 


surfaces are used. 

Experiments were made with gelatin concent! 
tions of 10, 25, and 75 mg/I, at current densities “ 
1.0, 2.0, and 3.0 amp/dm?, to determine the efile 
of initial surface on the polarization in the prese! 
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of addition agent. Four different surfaces were used, 
namely polished, etched, crystalline, and _fine- 
grained. The latter two were obtained by deposition 
on etched cathodes from acid copper sulfate electro- 
lyte, containing no addition agent, at 1.0 and 3.0 
amp dm?, respectively. 

With gelatin concentrations of 25 mg/l and higher, 
no effect of initial surface on cathode polarization 
was observed. Similar results were obtained when 
chloride was present in electrolytes containing gela- 
tin. 


Polarization-Halide Concentration Relations 


The effect of fluoride ion on copper deposition in 
the presence of 25 mg/liter of gelatin and at a 
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Fic. 1. Cathode polarization-halide concentration rela- 


tions in the deposition of copper from acid copper sulfate 
solutions containing 25 mg/l gelatin. Current density: 
2 amp/dm? (M.E. = milliequivalent). 


current density of 2 amp/dm? was investigated at 
concentrations ranging from 0 to 6 milliequivalents 
(M.E.) per liter. Neither the polarization nor the 
structure was affected by the addition of fluoride 
1Ons. 

Successive increases of chloride, bromide, or iodide 
concentration in the presence of gelatin first de- 
creased the polarization and then increased _ it, 
thereby yielding polarization-halide concentration 
curves with minima (Fig. 1). It is evident that chio- 
ride and bromide affected polarization to about the 
same extent. Lodide was less effective, however, since 
the minimum of the polarization iodide concentra- 


HON Curve oecurred at a greater concentration and 


at eater polarization than with the other two 
lons general, the polarization-halide concentra- 
tion 


ves were found to be altered by changes in 





current density, gelatin concentration, and tempera- 
ture but not by changes in acid concentration. Thus, 
the minima for chloride and bromide shifted to higher 
halide concentrations and higher polarizations with 
increased gelatin concentration or current density 
(Fig. 2). With iodide, a change in current density 
from 2 to 3 amp/dm® shifted the minimum to a 
higher polarization but not to higher iodide concen- 
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Fig. 2. Left, top to bottom: Effect of current density on 
cathode polarization-halide concentration relations in the 
deposition of copper from acid copper sulfate solutions 
containing 25 mg/1 gelatin. Right, top to bottom: Effect of 
gelatin concentration on cathode polarization-halide con- 
centration relations in the deposition of copper from acid 
copper sulfate solutions at a current density of 2 amp/dm? 
(M.E. = milliequivalent). 


tration. At 40.0°C, the minimum of the polarization- 
chloride concentration curve shifted to a lower polar- 
ization and a lower concentration (Fig. 3), but at 
this temperature addition of iodide produced very 
little effect on polarization. 

The form of the polarization-halide concentration 
curves remained unaltered when measurements were 
made with a probe in a cell in which the anode was 
surrounded by a parchment membrane and the inter- 
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mediate electrodes were removed. Hence, the ob- 
served minima were not attributable to insoluble 
material originating at the anode. Similar measure- 
ments in cells with concentric cylindrical electrodes 
also gave a polarization-chloride concentration curve 
with a minimum. The type of curve obtained was 
therefore not peculiar to the geometry of the Haring 
cell. 


Structure of the Deposits 
The physical characteristics of the deposits in- 
variably depended upon the halide concentration 
used, relative to the concentration corresponding to 


the minimum in the polarization-halide concentra- 
tion curve. 
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Fic. 3. Effeet of temperature on cathode polarization 


halide concentration relations in the deposition of copper 


from acid copper sulfate solutions containing 25 mg/I gela 


tin. Current density: 2 amp/dm? (M.E. = milliequivalent). 


With increases in concentration of chloride, the de- 


posits became increasingly brighter until the concen- 
tration corresponding to the minimum polarization 


was reached. At higher concentrations, the deposits 
became progressively more striated. The striations 


were visible as early as two minutes after deposition 
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With increase in concentration of bromide, the 
appearance of the deposit passed through stages 
essentially similar to those observed with chloride. 
but the deposit had a reddish tint at all concentrg. 
tions. 

Increase in concentration of iodide beyond the 
minimum gave rise to randomly scattered, dark pock 
marks on the surface. These increased in number as 
the iodide concentration was increased. At all cop. 
centrations of iodide, the deposits had a dark hue 


Excess Weights and Analyses of Deposits 


Excess weights, and gelatin, chloride, and sulfate 
contents, were determined for deposits obtained from 
electrolytes containing 25 mg/l! of gelatin and vari- 
ous amounts of chloride. 

Several cells were connected in series, each of which 
consisted of a 1-1 beaker containing 800 ml of electro- 
lyte. The anode was a copper cylinder that lined 
the inner wall of the beaker, and the cathode was « 
thin-walled copper tube of 1.8-cm diameter. The 
‘athode was completely covered with paraffin wax 
on its inner surface, while the outer surface was coy- 
ered with wax for a distance of 0.3 cm from the bot- 
tom and again at the top, leaving an exposed por- 
tion of 5-em length. The exposed area was etched i) 
40 per cent nitric acid, rinsed with distilled water, 
dried overnight in a desiccator, and weighed befor 
use. A thin layer of oxide which formed during this 
preparation of the cathode was found to contribut 
no significant change in weight. After deposition from 
the appropriate electrolyte for 5 hours at a curren 
density of 2 amp/dm?, the cathode was removed 
rinsed and dried as before, and weighed again. Bj 
reference to the weight of deposit obtained in one 
of the cells which contained no gelatin or chloride, 
the excess weight of a deposit was immediately o) 
tained. After the excess weight had been determined 
the deposits were carefully turned off on a lathe for 
further analyses. 

The gelatin content of each deposit was determined 
by combustion of a weighed portion of the fine lath 


turnings at 900°C in a stream of oxygen (170 ml 


min). The carbon dioxide was absorbed in 20 ml 0! 
0.008N barium hydroxide solution containing 2.) 
mg/l of gelatin and 5 ml/I of isopropyl alcohol, 


was begun, and consisted of smooth vertical streaks 
separated by apparently passive areas where little or 
no deposition seemed to occur. At high chloride 
concentrations, such that the polarization was the 
same magnitude as in the absence of chloride, the 
deposits contained a large number of nodules. At still 
higher chloride concentrations, uniform but dull de- 
posits, with roughness at exposed edges, were ob- 
tained. 


foaming agents. An absorber containing silver per 
manganate and zine oxide was placed in the combus 
tion train to remove chlorine, hydrogen chloride, aii’ 
oxides of sulfur that might have been evolved dur 
ing the combustion (3). After 30-min combustio! 
(shown empirically to be sufficient for complete com 
bustion), the excess barium hydroxide was titrated 
The amount of carbon dioxide so determined Ws 
expressed in terms of an equivalent amount of geli- 
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tin by reference to a calibration curve determined 
empirically by the same combustion procedure. 

For chloride analysis, 2 poe of the lathe turnings 
were dissolved in 25 ml of 22.5 per cent nitric acid, 
the resulting solution diluted to 50 ml, and the rever- 
sible potential determined for the cell 


Ag, AgCl | Cl’, Cu(NOs)2, | sat’d. calomel. 
| HNO; | 


The silver-silver chloride electrode Was prepared by 
the method of Yao (10), and the saturated calomel 
electrode was of the type used for potentiometric 
titrations, with a pinhole for liquid contact. The 
cell was painted black and kept at 25°C during meas- 
urements. By maintaining the copper and nitric acid 
concentrations constant, the reversivle potentials 
were found to be dependent on the chloride con- 
centration, and to be essentially independent of the 
presence of gelatin and sulfate. Analyses were based 
on a calibration curve obtained empirically. (A simi- 
lar method for chloride analysis, using a glass elec- 
trode instead of the saturated calomel electrode, has 
been used by others (1).) 

Sulfate analyses were made by standard gravi- 
metric procedure, after dissolving a portion of the 
deposit in nitric acid and converting the nitrate into 
chloride. 

It is of interest, perhaps, to note that deposits, 
obtained from electrolytes containing gelatin, dis- 
solved in nitric acid more slowly than those obtained 
from gelatin-free electrolyte, and that the rate of 
solution was’ further progressively reduced as the 
chloride content of the electrolyte was increased. 

The per cent excess weights, and the gelatin and 
chloride contents of the deposits, are plotted in Fig. 4 
as functions of the chloride concentrations of the 
electrolytes. It will be noted that a slow increase in 
excess weight with chloride concentration, up to and 
slightly beyond the chloride concentration corre- 
sponding to the minimum in the polarization-chloride 
concentration curve, was succeeded by a rapid in- 
crease with further increase in chloride content of the 
electrolyte. The gelatin content of the deposit re- 
mained essentially constant over most of the range 
of chloride concentrations in the electrolyte. On the 
other hand, the chloride content of the deposit 
showed a maximum at approximately the chloride 
concentration in the electrolyte corresponding to 
the minimum in the polarization-chloride concentra- 
tion curve. Analytical values for the sulfate content 
of the deposit are not plotted since these were ob- 
tained only for a few samples. They were sufficient 
to demonstrate, however, that the combined gelatin, 
chloride, and sulfate contents of the deposits were 
(lc Inadequate to account for the excess weights, 
particularly with the higher chloride concentration 
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in the electrolyte. Under the latter conditions, more- 
over, no sulfate could be detected in the deposit. 


Discussion 

In seeking an explanation of the observed trends 
in cathode polarization with variation of halide con- 
centration in the electrolyte, it should be recalled 
that geometry of the electrolytic cell, and anode 
processes resulting in the formation of insoluble 
materials, apparently play no part. Moreover, at 
the relatively low halide concentrations used, it seems 


- unlikely that cuprous halide should form in the 


duced by 


electrode films and be adsorbed on the cathode in the 
manner suggested previously for higher chloride con- 
centrations (4). 
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tions containing 25 mg/l gelatin, and varying amounts of 


chloride. Current density: 2 amp/dm? (M.E. = milliequiva- 
lent). 


The minima in the polarization-halide concentra- 
tion curves suggest a balance between two processes 
that operate simultaneously to alter the polarization 
when both gelatin and halide are present in the 
electrolyte. Since interaction between gelatin and 
halide seems quite unlikely in the presence of the 
large excess of sulfate in the electrolyte, one of the 
processes may reasonably be associated with the 
gelatin, and the other quite independently with the 
halide. 

The increase in polarization observed in the pres- 
ence of gelatin alone has been interpreted as a con- 
sequence of the increased current density, 
results when the active 


which 
area of the cathode is re- 


adsorption of gelatin on active centers of 
the cathode surface (7). Over a considerable range 
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of chloride concentration the adsorption of gelatin 
on the cathode appears to be relatively unaffected 
(Fig. 4). The independent action of the halide ions 
mentioned previously might therefore be assumed to 
involve the less active parts of the cathode surface. 
If the increase in polarization observed with gelatin 
alone is associated with a decrease of active cathode 
area, then by analogy the decrease in polarization 
accompanying small additions of halide may be at- 
tributed to an increase in active area. 

In summary, then, the halide is responsible for 
independent action on relatively inactive portions 
of the cathode surface, with a resultant increase in 
active area. It is suggested that this increase is 
brought about by attack of halide at crystal faces 
on the cathode surface with the production of lat- 
tice imperfections, a process which might be expected 
to increase the number of active centers available for 
deposition. Such attack should occur, in view of the 
observed increase in chloride concentration in the 
cathode film (11) and the tendency for cuprous halide 
formation. Analogous behavior on a macro scale can 
be found in the corrosion (oxidation) of copper by 
halide ions, where the effectiveness of the halide ion 
was found to be greater, the more insoluble the 
cuprous halide formed (2). It is interesting, moreover, 
that fluoride did not corrode copper, while chloride, 
bromide, and iodide did. This observation has its 
parallel in the present study in the failure of fluoride, 
unlike the other halides, to affect the polarization. 

With increasing halide concentration there should 
be a greater tendency for cuprous halide to form or 
be adsorbed on the cathode surface and exert an 
addition agent effect similar to that of gelatin. If 
this effect eventually becomes predominant over the 
tendency for halide to cause an increase in active 
area of the cathode, the polarization, should pass 
through a minimum as observed. The maximum 
chloride content of the deposit does, in fact, cor- 
respond approximately to the minimum of the po- 
larization-chloride concentration (in electrolyte) 
curve (Fig. 4). 


February (952 


From the preceding discussion, it might be ey. 
pected that an increase in gelatin concentration 
should render the cathode less susceptible to halide 
attack and therefore shift the minimum in the po- 
larization-halide concentration curves toward higher 
values of both polarization and halide concentration. 
This expectation is realized experimentally (Fig. 2), 
The similar shift with increase in current density, 
at given gelatin concentration, may be attributed 
to the greater tendency for halide ion to migrate 
away from the cathode. 

The somewhat different behavior of iodide, as com- 
pared with chloride and bromide, might be due sim- 
ply to occurrence of the well-known reaction 


2Cul, — 2Cul + Ie. 
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